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Abstract 
Indium Tin Oxide (ITO) films were deposited on a number of semi-conductor materials using 
reactive r. f sputtering technique to form both rectifying Schottky and ohmic contacts. These 
contacts were applied in the fabrication of a number of novel optoelectronic devices: 
Schottky photo-diodes, transparent gate High Electron Mobility Transistors (HEMTs), 
heterojunction bipolar transistors (HBTs) being used as heterojunction phototransistors 
(HPTs), light emitting diodes (LEDs) and vertical cavity surface emitting lasers (VCSELs). 
A number ofthese novel devices were studied in comparatively greater detail; these were the 
Schottky diode and the HPT. 
Deposition conditions necessary to produce ITO films with high conductivity and optical 
transparency over a wide spectral range were studied and optimised. Separate post 
deposition techniques were developed to produce near ideal rectifying contacts and ohmic 
contacts with low contact resistance respectively. A thin film of indium (In) was also used to 
optimise ITO ohmic contacts to n + - GaAs substrates. 
Near ideal Schottky diodes were realised on n-GaAs substrates using aluminium (AI) and 
gold (Au) metal contacts. A simulation model was then developed and implemented to study 
the behaviour of current transport mechanisms over a wide temperature range. Photodiodes 
with ITO as the Schottky metal contact were fabricated and a study comprising of both their 
electrical and optical behaviour was undertaken. 
Relatively large geometry HBTs and HPTs were fabricated using AIGaAs/GaAs, InGaP/GaAs 
and InPlInGaAs systems respectively; the latter devices were first reported as a result of this 
study. A comparative study between devices fabricated from these systems were then made. 
This was followed by an appraisal of the electrical properties of each of their optical 
counterparts which had ITO emitter contacts. The specific photo responsivity and the 
spectral responses of these HPTs were analysed. In light of HPTs with transparent ITO 
emitter ohmic contacts, a brief examination of the merits of vertical versus lateral 
illumination was also made in this work. 
Finally a spectral response model was developed to understand and help design 
optoelectronic detectors comprising of single layer devices (n-GaAs Schottky photo diodes) 
or multiple semiconductor materials (HPTs using AIGaAs/GaAs or InPlInGaAs systems) to 
help predict responsivities at a given incident wavelength. As well as material properties of 
the constituent semiconductors, this model takes into account the specific lateral and vertical 
geometrical dimensions of the device. 
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List of Abbreviations, Constants and Symbols 
Symbol Meaning UnitslNotes 
A Area 2 m 
Absorption co-efficient -2 ex cm 
A Angstrom, unit oflength (lA = 10-10 m) 
* Richardson constant Am-2K-2 A 





AuGe Gold-germanium eutectic alloy 
B Bandwidth 
~ DC Current Gain of bipolar transistors 
BER Bit Error Rate 
BJT Bipolar Junction Transistor 
C Capacitance Farad, F 
velocity of light in vacuum 8 -1 c 3xlO ms 
XB Electron affinity of base V 
XE Electron affinity of emitter V 
Cr Correction factor 
C~ Methane 
CO2 Carbon dioxide 
XS Electron affinity of a semiconductor eV 
CTO Cadmium Tin Oxide 
d Film thickness (or MESA height in TLM analysis) m 
D Diameter m 
0 Thickness of oxide layer m 
ABe Conduction band offset at a heterojunction in eV eV 
ABg Bandgap difference at a heterojunction in eV eV 
ABv Valence band offset at a heterojunction in eV eV 
L\$ Image-force induced reduction to barrier height eV 
Dn Electron diffusion constant 2 -1 cm s 
Dp Hole diffusion constant 2 -1 cm s 
Ds Density of surface states -2 cm 
L\VCEO Offset voltage V 
DVM Digital Volt Meter 
Ebr Breakdown electric field Vm -I 
Ee Energy at the bottom of the conduction band in e V eV 
EDFA Erbium Doped Fiber Amplifier 
Er Fermi level energy in e V eV 
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Reflected photon flux 
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High Electron Mobility Transistor 
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Emitter current (of a bipolar transistor) 
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Light Emitting Diode 
Electron diffusion length 
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Molecular Beam Epitaxy 
mass of an electron 
mass of a hole 
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Nickel 
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Collector contact resistance 
Responsivity of diode 
End contact resistance 
Emitter contact resistance 
Responsivity of HPT 
Leakage resistor 
Rate of photon arrival 
Rate of photo-generated electron collection 
Series resistance 
Sheet resistance 
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Rapid Thermal Annealing 
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Semiconductor Parameter Analyser (HP 4145B) 
Absolute temperature 
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Titanium 
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Chapter 1: Introduction 
1. Introduction 
1.1 Genesis 
With the demonstrated advantages of an optical fiber telecommunication system over a 
conventional copper-wire based system, the efficient conversion of an electrical signal to an 
optical signal and vice versa, is now of utmost importance. Similarly, rapid progress in 
semiconductor materials growth technology and the emergence of novel techniques in device 
fabrication has led to a continual improvement in the performance of opto-electronic 
integrated circuits (OEICs). In addition, with similar maturity in new technologies such as 
monolithic microwave integrated circuits (MMICs), the commercial viability of direct 
integration between optical and microwave circuits is becoming more and more likely. 
One of the vital components of any high frequency optical system is a large bandwidth, low 
noise photo receiver which may be realised using monolithic integration of photo diodes with 
high speed transistors to act as preamplifiers. A wide range of materials and devices, 
including semi-transparent metal/semiconductor Schottky photo diodes and integrated p-i-n 
diodes with HBTs have been used for this purpose. 
The use of a Schottky diode is ideal for high speed applications where it has many 
advantages. One of these is the inherent absence of any slow component associated with 
minority carrier effects. Its usage enables the absorption layer thickness to be engineered to 
obtain the optimum compromise between external quantum efficiency and detector 
bandwidth. The latter of these arises from a combination of carrier transit time and RC 
effects. An inherent disadvantage, however, is the high series resistance and low optical 
coupling efficiencies obtained which are associated with the thin semi-transparent metal 
layer. A solution to this problem is to use a layer of Indium Tin Oxide (ITO), a practically 
transparent and highly conductive material, as the Schottky contact to fabricate both high 
speed and highly efficient photo diodes. 
Renewed interest in using photo transistors as detectors has been aroused world wide, 
particularly with the advent of Heterojunction Bipolar Transistors (HBTs). Studies using 
such HBTs with opaque emitter contacts show excellent suitability of these devices as photo 
detectors in terms of optical performance where signal to noise ratios in excess of 30dB have 
been obtained. The optical gain of any photo transistor depends on the coupling efficiency, 
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the collection efficiency and its internal gain; in the BPT structure, there lies an inherent 
trade-off between the speed and the collection efficiency. However, by using a transparent 
emitter contact, the coupling efficiency can be significantly improved thereby raising the 
overall gain-bandwidth of the device correspondingly. 
Similar arguments could be presented in support of using a transparent ITO contact to a 
number of other devices such as in transparent gate REMTs, LEDs and VCSELs. Hitherto, 
ITO had been the subject of extensive study by material scientists and engineers for a wide 
range of other applications ranging from anti-reflection coatings to transparent contacts in 
solar cells. Its usage in the fabrication of microelectronic devices for optoelectronic 
applications is a relatively new field. Hence, this study essentially represents some of the 
novel work in this area. 
1.2 Aims and Objectives 
One of the primary objectives of this work was the application of a transparent ITO contact 
to a number of optoelectronic devices. These required the development of both Schottky and 
ohmic contacts. In particular, n-GaAs Schottky photo diodes and the heterojunction photo 
transistors, both as optical detectors, were studied in detail. 
With this goal in mind, the ITO film deposition based on a r.f. reactive sputtering technique 
was first studied and then optimised. Extensive work involving the calibration of the 
sputtering machine was carried out to understand the particular effects of various deposition 
conditions on the ITO films. These films were then characterised to study their electrical 
conductivity and optical transmittance. A number of different post-deposition annealing 
techniques were also developed for specific application as either Schottky or ohmic contacts. 
The use of a thin indium metallic layer between the sputtered ITO and the underlying 
semiconductor was also studied for its influence on sputter damage, ohmic and Schottky 
contacts. Work was also carried out to ensure that adequate patterning techniques were 
developed to realise small geometry devices based on ITO contacts. Similarly, contacts to 
ITO with pad metals was also studied and assessed. 
Once it was established that satisfactory ITO films could be produced, the work was 
extended to the fabrication of the devices. These films were used to realise novel 
optoelectronic devices which were characterised and compared to their opaque counterparts. 
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Schottky diodes with near ideal electrical characteristics were realised on n-GaAs substrates 
using aluminium (AI) and gold (Au) metal contacts. A simulation model was then developed 
and implemented to study the behaviour of current transport mechanisms over a wide 
temperature range. Photo diodes with ITO as the Schottky contact were fabricated and a 
study comprising of both their electrical and optical behaviour was undertaken. This 
involved further optimisation work to ensure the sputter damage sustained during the ITO 
deposition could be first minimised and then the remainder removed to an acceptable level 
without compromising the rectifying behaviour of the junction, reducing the series resistance 
and dark currents for photo diode operation. All this had to be carried out while retaining the 
desired high transparency and high conductivity properties of the ITO film itself. 
The next stage of the study involved the use of heterojunction transistors as photo detectors. 
Large geometry HBTs and HPTs were fabricated using AIGaAs/GaAs, InGaP/GaAs and 
InP/lnGaAs systems respectively with both conventional and transparent ITO emitter ohmic 
contacts. A comparative study between devices fabricated from these systems were then 
made. This was followed by an appraisal of the electrical properties of each of their optical 
counterparts which had ITO emitter contacts. The specific photo responsivity and the 
spectral responses of these HPTs were analysed. In light of HPTs with transparent ITO 
emitter ohmic contacts, a brief examination of the merits of vertical versus lateral 
illumination was also made in this work. 
A spectral response model was also developed to understand and help design optoelectronic 
detectors comprising of single layer devices (n-GaAs Schottky photo diodes) or multiple 
semiconductor materials (HPTs using AlGaAs/GaAs or InP/lnGaAs systems) to help predict 
responsivities at a given incident wavelength. As well as material properties of the 
constituent semiconductors, this model takes into account the specific lateral and vertical 
geometric dimensions of the device. 
In collaboration with other researchers, two by-products of this study were the first VeSEL 
and TG-HEMT using ITO as the transparent ohmic and Schottky gate contacts respectively. 
Some preliminary work was also carried out to produce ITO contacts to visible LEDs which 
had an emission wavelength of approximately 630nm. 
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1.3 Summary and Layout of Thesis 
In this thesis the background theory and the relevant literature survey are presented in the 
second chapter. This is followed, in chapter three, by a description of all the processing steps 
involved in the fabrication of the devices, while chapter four consists the details of the 
measurement and analysis techniques. Chapter five contains the first set of experimental 
results of this research; these are the findings concerning the ITO films used in the devices. 
Finally, chapter six constitutes the second and the larger part of results, namely that of the 
Schottky diodes and their temperature dependent current transport model, the heterojunction 
photo transistors, and the spectral response model respectively. The conclusion of the work 
and a list of suggestions for further work are presented in chapters seven and eight. 
A list of publications resulting from this work is given in Appendix A. Appendix B contains 
the processing steps for liftoff and etch lithography steps. Appendix C has the Hewlett 
Packard HP4145B Semiconductor Parameter Analyser (SPA) settings for the device 
parameter extractions while some mathematical derivations are given in Appendix D. 
21 
Chapter 2: Background Theory and Literature Review 
2. Background Theory and Literature Review 
2.1 Indium Tin Oxide (ITO) 
Interest in transparent conductors can be traced back to 1907 when reports of transparent and 
conductive cadmium oxide (CdO) films first appeared. Since then there has been a growing 
technological interest in materials with these unique properties as evidenced by not only their 
increased numbers but also the large variety of techniques that have been developed for their 
deposition. It is now known that non-stoichiometric and doped films of oxides of tin, 
indium, cadmium, zinc and their various alloys exhibit high transmittance and nearly metallic 
conductivity is achievable [1]. However, tin doped indium oxide (ITO), with reported 
transmittance and conductivity as high as 95% and 104 n-1cm-1 respectively, is among the 
most popular of these thin films which have found a host of electronic, opto-electronic and 
mechanical applications. Hence, some of the physical and technological aspects behind ITO 
films will now be reviewed and discussed. 
2.1.1 Introduction and Uses ofITO 
Although partial transparency, with acceptable reduction in conductivity, can be obtained for 
very thin metallic films, high transparency and simultaneously high conductivity cannot be 
attained in intrinsic stoichiometric materials. The only way this can be achieved is by 
creating electron degeneracy in a wide bandgap (Eg > 3eV or more for visible radiation) 
material by controllably introducing non-stoichiometry and/or appropriate dopants. These 
conditions can be conveniently met for ITO as well as a number of other materials previously 
mentioned. 
Uses of ITO have traditionally ranged from transparent heating elements of aircraft and car 
windows, antistatic coatings over electronic instrument display panels, heat reflecting 
mirrors, antireflection coatings and even in high temperature gas sensors. Early electro-optic 
devices using ITOI include CCD arrays, liquid crystal displays and as transparent electrodes 
for various display devices. More recently, ITO has been used as a transparent contact in 
advanced optoelectronic devices such as solar cells, light emitting and photo diodes, photo 
transistors and lasers - some for the first time as a result of this investigation [2]. Thus it is 
soon becoming an integral part of modem electronic technology wherever there is a potential 
for improving optical sensitivity of light detecting devices or quantum efficiency of light 
emitting devices. 
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However, with increased development in electronic technology has come the need for a 
greater understanding of the optical and electrical properties of ITO. As a result some of the 
solid state physics of ITO has also emerged. Although no concise and accurate knowledge is 
available, the literature survey indicates that many of these properties can be tailored by 
careful control of the deposition parameters. 
2.1.2 Physical Structure and Properties ofITO 
Indium Tin Oxide is essentially formed by subsititutional doping of In203 with Sn which 
replaces the In3+ atoms from the cubic bixbyte structure of indium oxide [3]. Sn thus forms 
an interstitial bond with oxygen and exists either as SnO or Sn02 - accordingly it has a 
valency of +2 or +4 respectively. This valency state has a direct bearing on the ultimate 
conductivity of ITO. The lower valence state results in a net reduction in carrier 
concentration since a hole is created which acts as a trap and reduces conductivity. On the 
other hand, predominance of the Sn02 state means Sn 4+ acts as a n-type donor releasing 
electrons to the conduction band. However, in ITO, both substitutional tin and oxygen 
vacancies contribute to the high conductivity and the material can be represented as 
In2-xSnx03-2x. ITO films have a lattice parameter close to that of In203 and lie in the range 
10.12 to 10.31A [4]. 
A summary of electrical and optical properties of typical ITO films deposited using various 
techniques is shown in Table 2.1. Variations in film properties can be easily noted; these are 
attributable to both pre- and post-deposition treatments as well as the techniques themselves. 
Deposition Thick Hall Mobility Carriers Resistivity Transmit. Ref. 
Technique rA] [ 2V-1 -1] J.1H cm s N [cm-3] p rncml Tr[%] No. 
r.f. Sputtering 7,000 35 6 x 1020 3 X 10-4 90 [5] 
r.f. Sputtering 5,000 12 12 x 1020 4 X 10-4 95 [6] 
r.f. Sputtering 4,000 25 3 x lOW 8x 104 - [7] 
Magnetron Sputtering 800 26 6 x 1020 4 X 10-4 85 [8] 
d.c. Sputtering 1,000 35 9 x 1020 2 X 10-4 85 [9] 
Reactive Evaporation 2,500 30 5 x lOW 4x 104 91 [10] 
Ion Beam Sputtering 600 26 2x lOW 12 x 104 - [11] 
Spray Pyrolysis 3,000 45 5 x 1020 3 x 10-4 85 [12] 
Table 2.1: Typical electrical and optical properties of ITO deposited by various techniques 
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The high conductivity, cr, of ITO films is said to be due to high carrier concentration, N, 
rather than high Hall mobility, /.lH [1] bearing in mind that resistivity, p = 1/cr = 1/(qN/.lH) 
according to Ohm' s law. The observed low mobility ofITO, compared to bulk In203, and its 
dependence on carrier concentration and substrate temperature has been explained in terms 
of scattering mechanisms due to ionized impurities or grain boundaries. Mobility is said to 
increase due to enhanced crystallinity of films deposited at higher substrate temperatures 
[10]. TEM and electron diffraction studies of r.f. sputtered ITO films on glass substrates by 
Sreenivas et al suggest that films grown at room temperature have large stacking faults and 
represent an amorphous structure [6]; increasing this temperature to 2000 e leads to a 
polycrystalline structure and finally annealing results in near single crystallinity with uniform 
grain size which leads to increased conductivity. The authors further suggest that deposition 
of ITO on single crystal substrates, rather than amorphous glass, can enhance the grain 
growth process. 
The direct optical bandgap ofITO films is generally greater than 3.75 eV although a range of 
values from 3.5 to 4.06 eV have also been reported in the literature [3,13]. The high optical 
transmittance, T r, of these films is a direct consequence of their being a wide bandgap 
semiconductor. The fundamental absorption edge generally lies in the ultraviolet of the solar 
spectrum and shifts to shorter wavelengths with increasing carrier concentration, N. This is 
because the bandgap exhibits an N2/3 dependence due to the Moss-Burstein shift [14]. The 




E E'r--- -g g 
~--- - ---i!I!fd 
Sn doped In20 1 
K 
Figure 2.1: Assumed parabolic band structure of undoped In203 and the effect of tin doping; 
(After Gupta et al [14]) 
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The conduction band is curved upwards, the valence band is curved downwards and the 
Fermi level is located at mid bandgap for the un doped material; addition of Sn dopants 
results in the formation of donor states just below the conduction band. As the doping 
density is increased, these eventually merge with the conduction band at a critical density, Ilc, 
which was calculated to be 2.3 x 1019 cm-3 by Gupta et af [14]. Free electron properties are 
exhibited by the material when the density of electrons from the donor atoms exceeds this 
value. As Table 2.1 shows, all reported values of carrier concentration are greater than Ilc. 
Hence all ITO films are expected to be degenerate in nature. Once the material becomes 
degenerate, the mutual exchange and coulombic interactions shift the conduction band 
downwards and the valence band upwards - effectively narrowing it from Eg to Eg' - as shown 
in Figure 2.1 earlier. The bandgap increase by the Burstein-Moss shift is partially 
compensated by this effect. 
The reported value for the refractive index of ITO is 1.96 [7]. The transmittance of ITO 
films is also influenced by a number of minor effects which include surface roughness and 
optical inhomogeneity in the direction normal to the film surface. Inadvertently grown dark 
brown (effectively translucent) metallic films of ITO have also been reported. This 
opaqueness has been attributed to unoxidised Sn metal grains on the ITO surface as a result 
of instability due to absence of sufficient oxygen during deposition [3,6]. 
2.1.3 ITO Deposition Techniques 
Sputtering, of one form or another, is by far the most extensively used technique for the 
deposition of ITO. This is closely followed by thermal evaporation - which can also be 
achieved using several different techniques. ITO has also been prepared by other methods 
such as Spray Pyrolysis and Screen Printing. The choice of deposition technique is dictated 
by a number of factors such as quality and reproducibility of the ITO film, homogeneity over 
a wide cross section, capacity, ease and cost of use as well as detrimental side effects and 
limitations specific to each technique. In addition, since the properties of ITO depend 
strongly on the microstructure, stoichiometry and the nature of the impurities present, it is 
inevitable that each deposition technique with its associated controlling parameters should 
yield films with different characteristics. Some of these issues will now be discussed briefly. 
2.1.3.1 Sputtering 
Sputtering involves knocking an atom or molecule out of a target material by accelerated ions 
from an excited plasma and condensing it on the substrate either in its original or in a 
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modified fonn. When this modification is induced by a chemical reaction during the transit 
from the target to the substrate, the process is referred to as reactive sputtering. In general, 
most ITO sputter sources consist of hot pressed 90% In203 : 10% Sn02 compound targets. 
The sputtering can be achieved by a number of ways which include accelerating the plasma 
ions by a d.c. field [9] or a d.c. field combined with a magnet (to direct the high velocity 
emitted electrons away from the substrate), r. f. (with its self induced bias) as well as by ion 
beams [11]. Hence names such as magentron [8] and reactive r.f. sputtering [5,6] reflect on 
the process that has been used for the deposition of the ITO film. 
The technique used in the course of this study involves reactive r. f. sputtering in an Ar/02 
plasma. This method is reputed for its excellent unifonnity, high conductivity and high 
transparency. The r. f. field ensures that sputtering of non-conductive materials can also be 
achieved at a practical rate. Parameters known to influence ITO quality include sputtering 
pressure, pre-conditioning, film thickness and r. f. power amongst others. The control of 
oxygen partial pressure is particularly critical in detennining the conductivity and 
transmittance. However, without the ability to direct unwanted high velocity electrons away 
from the substrate, damage is associated with this technique; on the other hand magentron 
sputtering yields high deposition rates and minimises this damage. Detailed description of 
the system used here is presented in section 3.2 while the detailed optimisation of the 
deposition parameters is discussed in section 5.1 and elsewhere in the thesis. 
2.l.3.2 Thennal Evaporation 
Thennal evaporation involves vaporising a solid by heating the material to sufficiently high 
temperatures and recondensing it on a cooler substrate. The high temperature can be 
achieved by resistively heating or by firing an electron or ion beam at the boat containing the 
material to be evaporated. Similarly, reactive thennal evaporation is achieved by introducing 
oxygen into the chamber during deposition and is one of the most widely and successfully 
used techniques for good quality ITO depositions [10]. A 95% In - 5% Sn alloy (by weight) 
is commonly used as the source. 
There is no damage associated with resistive thennal evaporation since there are no high 
velocity particles. Film properties strongly depend on oxygen partial pressure and film 
thickness [15], deposition rate, substrate temperature and tin concentration [13]. Reports of 
substrate temperatures being raised from 300°C up to 450°C during evaporation in order to 
enhance conductivity and transmittance are available in the literature [16]. 
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2.1.3.3 Spray Pyrolysis Technique 
Pyrolysis refers to the thermal decomposition of gaseous species at a hot susceptor surface. 
The spray deposition scheme is particularly attractive because of its relatively fast rate 
(> 1000 Alsec) and because it does not require a vacuum. The ITO spray is obtained from an 
alcoholic solution of anhydrous indium chloride (InC13) and tin chloride (SnCI4.5H20) with 
nitrogen acting as the carrier gas. The spraying is carried out in a furnace, held at 400°C. 
Critical parameters including positioning of the substrate and the chemical composition of 
the spray solution. Ashok et al [17] have reported resisitivities of 1 x 10-3 ncm for a 4200 A 
thick ITO film with transmission greater than 90% at 550 nm while corresponding values 
obtained by Haitjema et al are 3 x 10-4 ncm and 85% respectively [12]. As for most other 
techniques, this demonstrates an apparent trade-off between the conductivity and the 
transmittance of ITO films . 
2.1.3.4 Screen Printing Technique 
This technique is suitable for large scale non-device orientated applications where relatively 
thick layers of ITO are required such as in liquid crystal displays, blackwall contacts and anti 
reflection coatings for solar cells [18]. Typically, the deposited thickness varies in the range 
10 to 30 Jlm and the post deposition crystallization temperature can be as high as 600°C for a 
period exceeding an hour. Although the resistivity (> 4 x 10-4 ncm) of the ITO film is said to 
be comparable to those obtained by other deposition techniques, its transparency is markedly 
lower « 80%). 
2.2 Schottky Contacts 
Although our knowledge of Metal-Semiconductor contacts can be traced as far back as early 
work by Braun (1874), it was not until 1938 that both Schottky and Mott independently 
suggested a model for the rectification mechanism. They pointed out that the observed 
direction of rectification could be explained by supposing that electrons passed over a 
potential barrier through the normal process of drift and diffusion. 
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2.2.1 Theory of Rectifying Metal Semiconductor Contacts 
The basic theory of these contacts is outlined in the following material. A more 
comprehensive version was recently reviewed by Rhoderick [19,20]. Figure 2.2 shows a 
schematic of the band structure of an unbiased metal semiconductor contact. 
The Schottky-Mott theory is expressed as follows: 
where, 
where, 
CPbo = contact barrier height, at zero applied bias 
cI>m = work function of the metal 
XS = electron affmity of the semiconductor and is further expressed: 
Xs = CPs - (Ee - Ef) 
CPs = work function of the semiconductor 
Ee = conduction band energy, in eV 
Ef= Fermi energy level, in eV 
Vacuum level 
- - -_-_-_-,...-_-+--_-..,--r-----'----- - ~: -_ -_ -l.-v = V bi - Vapp 
- . . . __ .. Br 




Figure 2.2: Unbiased band structure of a metalln-type semiconductor contact 
CPbo is the barrier encountered by electrons in the metal whereas the built-in potential, Vbh 
encountered by electrons in the semiconductor, is given by: 
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= <Pbo - (Ec - Ef) 
Ceqn. 2.3) 
This theory is rather simplistic in the sense that it assumes ideal conditions where dipole 
surface contributions to the barrier height and the electron affinity are thought to be 
unchanged when the metal and the semiconductor are brought into contact. It also assumes 
that there are no chemical reactions or physical strains created between the two when they 
are brought into contact. 
In practice, however, surface dipole layers do arise. This is because at the surface of a solid 
the atoms have neighbours on one side only. This causes a distortion of the electron cloud 
belonging to the surface atoms, so that the centres of the positive and negative charge do not 
coincide. It was discovered that <Pbo does not depend on <Pm in contradiction to (eqn. 2.1). 
Thus the assumption of constancy of the surface dipole cannot be justified. 
One of the first explanations for the departure of experiment from this theory was given in 
terms of localised surface states or "dangling bonds". The surface states are continuously 
distributed in energy within the forbidden gap and are characterised by a neutral level, <Po, 
such that if the surface states are occupied up to <Po and empty above <Po, the surface is 
electrically neutral. 
In general, the Fermi level does not coincide with the neutral level. In this case, there will be 
a net charge in the surface states. If, in addition (and often in practice due to chemical 
cleaning of the semiconductor prior to processing) there is a thin oxide layer between the 
metal and the semiconductor the charge in the surface states together with its image charge 
on the surface of the metal will form a dipole layer. This dipole layer will alter the potential 
difference between the semiconductor and the metal. Thus the modification to the Schottky-
Mott theory is expressed as follows [19]: 
<Pbo = Y(<Pm - Xs) + (1 - y)(Eg - <Po) (eqn. 2.4) 
where, 
Eg = bandgap of the semiconductor, in e V 





Ej = pennittivity of oxide layer 
8 = thickness of oxide layer 
Ds = density of surface states 
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Hence if there are no surface states, Ds = 0 and y = 1 and (eqn. 2.4) becomes identical to 
(eqn. 2.1) (the original Schottky-Mott approximation). But if the density of states is very 
high, y becomes very small and <l>bo approaches the value (Eg - <1>0). This is because a very 
small deviation from the Fenni level from the neutral level can produce a large dipole 
moment, which stabilises the barrier height by a negative feedback effect [19,20]. When this 
occurs, the Fenni level is said to be ''pinned'' relative to the band edges by the surface states. 
2.2.2 Current transport mechanisms in the Schottky diode 
The current transport through the device by emission over the barrier is essentially a two step 
process: first, the electrons have to be transported through the depletion region, and this is 
detennined by the usual mechanisms of diffusion and drift; secondly, they must undergo 
emission over the barrier into the metal, and this is controlled by the number of electrons that 
impinge on unit area of the metal per second. This is expressed in (eqn. 2.6): 
(eqn.2.6) 
where, 
A = cross-sectional area of the metal/semiconductor interface 
** A = Modified Richardson constant for metal/semiconductor interface 
T = temperature in kelvins 
k = Boltzmann constant 
q = electronic charge 
Veff = effective bias across the interface 
n = ideality factor 
The ideality factor, n, in (eqn. 2.6) gives a measure of the quality of the junction which is 
highly process dependent. For an ideal Schottky junction, n = 1. In practice, however, larger 
values are obtained due to the presence of non-ideal effects or components to the current 
through the junction. This mode of current transport is commonly referred to as the 
"thermionic emission" current [21,22]. 
30 
Chapter 2: Background Theory and Literature Review 
2.2.2.1 Other current transport mechanisms 
In addition to thermionic emission, there are a number of other effects and current transport 
mechanisms which also contribute to the electrical properties of the metal/semiconductor 
interface; these include image force lowering of the barrier height, generation-recombination 
effects, quantum mechanical tunneling and leakage. 
2.2.2.2 ~bo Barrier Lowering due to Image Force Effects 
The application of an electric field causes the image-force-induced lowering of the potential 
energy for charge carrier emission [23]. Consider an electron, in vacuum, at a distance x 
from a metal surface. A positive charge will be induced on the metal at a distance -x from its 
surface and will give rise to an attractive force between the two, known as the image force. 
This force has associated with it an image potential energy which corresponds to the potential 
energy of an electron at a distance x from the metal. When an external field, Eext, is applied, 
together these two energy components have the effect of lowering the Schottky barrier. Thus 
at high fields, the Schottky barrier is considerably lowered. 
These results can be applied to a metal/semiconductor junction. However, the field is now 
replaced by the maximum field, Emax, at the interface. The amount of reduction due to the 
induced-image-force, .-:14>, is given by [23]: 
(eqn. 2.7) 
2.2.2.3 Generation-Recombination Effects 
Generation-recombination effects within the depletion regIOn gIve nse to a parallel 
component to the thermionic emission current transport mechanism. This is particularly 
significant at moderately low temperatures (175K to 235K). The current contribution, Igr, 
due to this mechanism can be represented by [22]: 
(eqn.2.8) 
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where, 
where, 
Igro = generation-recombination saturation current and is given by: 
nj = intrinsic carrier concentration of the semiconductor 
Xdep = depletion width 
'to = effective carrier lifetime within the depletion width 
2.2.2.4 Current due to Quantum Mechanical Tunneling 
(eqn.2.9) 
For a moderately to heavily doped semiconductor or for operation at low temperatures, the 
current due to quantum mechanical tunneling of carriers through the barrier may become the 
dominant transport process [21 , 24]. For all except very low biases, the tunneling current, Itn, 
can be represented by: 
where, 
Itno = tunneling saturation current. 
Eo = tunneling constant 
(eqn. 2.10) 
The tunneling saturation current is a complicated function of temperature, barrier height and 
semiconductor parameters. In the notation ofPadovani and Stratton [21], Eo is given by: 
where, 
E = E coth(Eoo) 
o 00 kT 
Eoo = a tunneling parameter inherently related to material properties of the 
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where, 
h = Planck's constant 
ND = impurity doping concentration 
* mn = effective mass of electron 
2.2.2.5 Leakage Current 
The leakage current, Ilk, is another parallel component of the total current. It is caused by 
surface leakage and can usually be significantly reduced by various designs and fabrication 
techniques. In practice, it is the component which appears to by-pass the 
metal/semiconductor interface altogether and is often thought of as a large leakage resistor, 
Rlk, in parallel to it. Thus the leakage current can be expressed as : 
(eqn.2.13) 
2.3 Ohmic Contacts 
The term "ohmic" refers in principle to a (metal-semiconductor) contact which is non-
injecting and has a linear I-V characteristic in both directions. In practice the contact is 
usually acceptable if it can supply the required current density with a voltage drop that is very 
small compared to the drop across the active region of the device even though it's behaviour 
may not be strictly linear. 
Historically, metal-semiconductor contacts were predominantly used as rectifying contacts 
until suitable methods of fabricating p-n junctions became available. Then, these contacts 
began to assume a less significant role as ohmic contacts for transporting current into and out 
of p-n junctions. With greater understanding and technological advancements, there was a 
renaissance of the rectifying metal-semiconductor or Schottky contact in the 1960's. At the 
same time, the need for higher speed devices with their smaller and more complex 
geometries acted as the driving force behind the search for high performance ohmic contacts. 
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2.3.1 Theory of Ohmic Contacts 
One of the most comprehensive papers that deals with the theory of ohmic contacts to 111-V 
compound semiconductors is that by Rideout [25]. Nearly all practical metal-semiconductor 
contacts initially result in the formation of depletion layer Schottky barriers as shown in 
Figure 2.3. As such, they are essentially rectifying to begin with. 
TE +-
Metal Semiconductor 
Figure 2.3: Schematic band energy diagram of a metalln-semiconductor contact showing the 
three major current transport mechanisms: thermionic emission (TE), thermionic-field 
emission (TFE) and field-emission (FE). 
The conduction properties of these contacts are determined by the actual transport 
mechanisms, most of which were discussed in section 2.2: 
• TE - thermionic emission of carrier, giving rise to rectifying behaviour 
• TFE - thermionic field emission or tunneling of hot carriers through the top of the barrier 
• FE - field emission or carrier tunneling through the entire barrier (the preferred mode in 
ohmic contacts) 
In addition to these, recombination in the depletion region and the lowering of the barrier due 
to image force also affect, albeit to a much lesser extent, the behaviour of the ohmic contact. 
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for TFE (eqn. 2.15) 
for FE (eqn.2.16) 
where Eoo is the tunneling parameter proportional to ....fNd (the doping concentration). 
Thus, for kTlEoo » 1, TE dominates and the contact is rectifying; for kTlEoo « 1, FE 
dominates and the contact is ohmic while a mixed mode prevails for the condition kTlEoo ~ 
1. Note that both TE and TFE are temperature dependent while FE is not. 
It is seen that there are several possible ways of achieving a good ohmic contact: 
• The most common method is to have a layer of very highly doped semiconductor 
(typically ND = 5x10 18cm-3 for n-type GaAs) immediately adjacent to the metal giving rise 
to a very narrow depletionlbarrier width (~100A). Increased conduction is then dominated 
by quantum mechanical tunneling. 
• Another approach is to have a negligible potential barrier, <l>b, to start with. In practice, 
this is harder to achieve for III-V covalent compounds such as GaAs where <l>b is 
essentially determined by interface states rather than the difference between the work 
function of the metal and the electron affinity of the semiconductor as theory predicts. 
• A third approach is to deliberately increase interface states aimed at reducing contact 
resistance by causing space-charge recombination to dominate. But, in practice, this has 
adverse effects on the device stability. 
2.3.2 Practical Ohmic contacts 
In most practical ohmic contacts the metal layers usually contain a suitable dopant species -
donor or acceptor atoms. A heat treatment is used to drive the dopant into the semiconductor 
to form a n ++ or p ++ layer thus creating a tunneling metal-semiconductor junction required for 
enhanced ohmic behaviour. The quality of an ohmic contact is ultimately assessed by 
determining its specific contact resistance, Pc, as discussed later in section 4.1. 
Other desirable properties of ohmic contacts include good adhesion to the semiconductor, 
smooth surface morphology (particularly where near micron device geometry is concerned), 
ability to bond gold wires to connect the device to external circuitry and finally contact 
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reliability. With these in mind, the practical ohmic contact system often consists of a 
"wetting agent" to promote adhesion, followed by the dopant species and finally a thick layer 
of Au for bonding purposes. Where indiffusion of the top Au poses potential reliability 
hazards, often a diffusion barrier is inserted between the gold and the dopant layer. 
The most commonly used n-type contacts to GaAs is the Ni/AuGelNi/Au system. Thus many 
studies have been carried out to determine its alloying behaviour [27], effect of varying Ge 
(the dopant species) content [28] as well as investigation of the semiconductor surface 
cleanliness prior to metalisation [29]. However, this system has several ill effects such as 
"balling up" during annealing as a result of liquid phase reactions, non-uniform contact 
resistivity and vertical and lateral spiking. An alternative which addresses many of these 
issues is the PdlGel Au system [30,31]. 
The usual p-type contact for GaAs is the AulZnlAu system [32] where Zn atoms act as 
acceptors. In devices such as HBTs base is very thin (> 1000A); hence junction shorting due 
to Au spiking is often more of a concern than the resistivity, especially for high temperature 
or high current applications. In this case, PtiTi/Au is used as an alternative [33] although 
there are no dopant species. It is argued that since the base doping is already very high (NA > 
5xlO19 cm-3) the need for extra acceptor atoms is diminished. 
PdlGe based systems are known to have been used as both nand p-type contacts to InGaAs 
layers [34]. As in p-GaAs, Zn atoms also act as acceptors in p-InGaAs [35]. 
2.4 Heterojunction Bipolar Transistors 
The idea behind the heterojunction bipolar transistor (HBT) is as old as the transistor itself. 
It was proposed by W. Shockley in 1948 and subsequently patented by him in 1951 [36]. 
However it was H. Kromer [37], who is credited with developing the detailed theory and 
analysis of HBTs leading up to its present day status in semiconductor electronics and 
integrated circuit applications. 
2.4. 1 Heterostructure Concepts 
Kromer's Central Design Principle (CDH) of heterostructure devices uses the energy gap 
variations in addition to electric fields as forces acting on electrons and holes, to control their 
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electric fields, it becomes possible (within limits) to control the forces acting on electrons and 
holes, separately and independently of each other - a design freedom not rendered by 
homostructures. With the evolution of more and more advanced growth technologies such as 
MBE and MOCVD, a change in semiconductor (and hence in energy gap) is not significantly 
harder to achieve than a change in doping level. 
In a practical HBT, the emitter consists of a wide bandgap material (e.g. AIGaAs, InGaP or 
InP) while the base is a narrow bandgap material (e.g. GaAs or InGaAs). The band energy 
diagram for such an emitter-base heterojunction, before and after the two materials are 
brought into contact, is depicted in Figure 2.4a and b respectively. 
Wide bandgap 
N type Emitter 
Narrow bandgap 
ptype Base 
(a) Before fonnation 
r 
XB 
(b) After fonnation 
Figure 2.4: Energy band diagram of a wide bandgap N-type emitter and a narrow bandgap p-
type base heterojunction at equilibrium (a) before and (b) after formation. 
As in homojunctions, once contact is made the conduction and valence bands join in a manner 
such that the Fermi levels align. However, since the electron affmities of the emitter and the 
base, XE and XB respectively, are different in heterojunctions a discontinuity in the conduction 
band, ~Ec, appears. Analytically, this is given by: 
(eqn.2.17) 
Since, the bandgap energies are different, a discontinuity in the valence band, ~v, also 
appears. The total bandgap discontinuity, ~g, is the sum of the discontinuities in the 
conduction and valence bands: 
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(eqn.2.18) 
In the HBT a large Lllic is undesirable as it acts as an extra barrier to electron injection from 
the emitter to the base thereby requiring a high emitter-base forward bias voltage, Vbe, 
(typically 1.3V) [39]. This ultimately limits the device current gain far below that expected 
from an HBT [38]. By the same analogy, a large Lilly is ideal as it limits reverse injection of 
holes from the base into the emitter. Table 2.2 lists some of the band discontinuities of 
common HBT systems. Thus a large Lilly / Lllic ratio is desirable. 
AIO.3Gao.7As/GaAs 0.13 0.37 
0.19 0.29 0.48 1.53 [41 , 42, 43] 
0.25 0.34 0.59 1.36 [44] 
Table 2.2: Band discontinuities for common HBT material heterostructures 
Heterojunctions, such as InGaP/GaAs which naturally exhibit relatively large Lilly compared 
to their Lllic, are more advantageous than AIGaAs/GaAs. However, since AIGaAs is lattice 
matched to GaAs for all fractions of AI, it is possible to reduce or even remove this 
conduction band discontinuity by compositionally grading the mole fraction of Al in the 
emitter material immediately (few hundred angstroms) before the GaAs base [45]. This 
helps lower the Vbe by 150mV compared to that in the non-composition graded emitter 
HBTs. However, it should be noted that the bandgap of AIGaAs becomes indirect once the 
AI mole fraction is raised above 50%, and thus is not of interest from a device application 
point of view. 
Using Figure 2.4 the built-in potential, Vbi, for a heterostructure can be derived as follows: 
where, 
(eqn. 2.19) 
EgE = emitter bandgap in e V 
V n = potential difference between the bottom of conduction band and Fermi level 
Vp = potential difference between Fermi level and the top of valence band 
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Expressing Vn and Vp in terms of emitter and base doping levels, NDE and NAB, and the 
respective density of states in emitter conduction band and base valence band, NeE and NvB, 
we obtain: 




kT (NAB) V p = (Ern - EvB) = - -In -
q NvB 
(eqn.2.21) 
Combining (eqn. 2.18) to (eqn. 2.21), we obtain: 
kT (N DE) kT (NAB) Vbi = EgE + - In -- - Illig + ~Ee + - In --
q N~ q N~ 
(eqn. 2.22) 
But, 
~Eg = EgE - EgB (eqn.2.23) 
Hence, 
(eqn.2.24) 
2.4.2 Current Transport in HBTs 
The operating principle of a (n-p-n) bipolar transistor consists of electron injection from the 
emitter into the base and their subsequent collection by the collector. Figure 2.5 shows the 
energy band structure of an N-p-n HBT with wide-gap emitter, with the various current 
components, and the hole repelling effect of the additional energy gap in the emitter. The 
band energies are expressed in joules; thus bandgap is expressed using W g rather than Eg. In 
this case it is assumed that the emitter junction has been graded sufficiently to obliterate any 
band edge discontinuities or even any non-monotonic variations of the conduction band edge. 
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Figure 2.5: Band diagram of an N-p-n HBT biased in emitter ground configuration. 
There are the following injection related dc currents flowing in such a transistor: 
1. A current In of electrons injected from the emitter into the base; 
2. A current Ip of holes injected from the base into the emitter; 
3. A current Iser due to electron-hole recombination within the forward biased emitter-
base space-charge layer. 
4. A small part, Ibulk, of the electron injection current, In, is lost due to bulk 
recombination in the base. 
5. A small thermally generated minority hole current from the n-type collector, lebo, 




Ie = In + Ip + Iser (eqn.2.25) 
(eqn.2.26) 
(eqn.2.27) 
The device operation mainly depends on current contribution In while the other components 
are strictly nuisance currents, as are capacitive currents (not shown above) that accompany 
voltage changes. The effect of the space charge recombination current, Iser, on the transistor 
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performance has been explained elsewhere by Morgan et at [46]. Since the base thickness, 
Wb, is much smaller than the electron diffusion length, LoB, in the base, lbulk is very small. 
Similarly, any currents due to electron-hole pair generation in the collector depletion layer, 
lebo, are also insignificant and can be ignored at this stage. Expressed in terms of the dc 
current gain, 13: 
(eqn.2.28) 
and, 
I3max = I + I 
p ser 
(eqn. 2.29) 
I3max is the highest possible value of 13 in the limit of various negligible recombination and 
other minor currents; in fact, it is the improvement in I3max to which the wide-gap emitter 
idea addresses itself. This can be expressed in terms of the electron and hole injection 
current densities, Jo and Jp [38]: 
Jo = NDEvnBexp( -:in) (eqn.2.30) 
(eqn.2.31) 
where, 
q$n and q<l>p = potential energy barrier heights for electrons and holes at the B-E junction 
VnB and VpE = mean speeds (due to the combined effects of drift and diffusion) of electrons 
at the emitter end of the base and holes at the base end of the emitter respectively. 
The above equations are often expressed in terms of diffusion current effects only: 
where, 
J = qNDEDnB exp(-q<l>n) 




DnB, DpE = minority carrier diffusion coefficients in the base and emitter respectively 
LpE = hole diffusion length in the emitter region 
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If the band gap of the emitter is larger than that of the base by L1 W g, we have : 
(eqn.2.34) 
Hence, 
In _ NDEVnB (L1W) 
-I = (3max - N V exp kTg 
p AB pE 
(eqn.2.35) 
or in terms of diffusion currents only, 
N D L (L1W) A . = DE oB pE exp __ S 
I-'max . kT 
NABDpEWb 
(eqn.2.36) 
Of the three variables in (eqn. 2.35), VnslVpE is least subject to manipulation; hence, for a 
large (3max, we need either NDE » NAB or L1 W g to be several times larger than kT. Since 
bandgap differences many times greater than kT is readily obtainable, very high values of 
InlIp can be achieved almost regardless of the doping ratio. Therefore, the hole injection 
current Ip becomes negligible and Ib == Iscr + Ibulk. For a useful, transistor we must still have 
Ibulk « In· If we approximate Ie by In, we obtain: 
In (3=_--':':""-
Iscr + I bulk 
(eqn.2.37) 
In contrast to homojunction transistors, in a properly designed high gain HBT, the interface 
recombination current component Iscr, can be as small as Inll 0
3 
making Ibulk the dominant 
part of lb. Hence, Iscr is neglected beside Ibulk; the bulk recombination current density may 
be written as [38]: 
where, 
ne(O) = the injected electron concentration at the emitter end of the base 
'tn = average electron life time in the base 
(eqn. 2.38) 
y = a factor between 0.5 and 1 indicating how much electron concentration in the base 
differs from the electron concentration at the emitter end of the base. 
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Thus combining (eqn. 2.30), (eqn. 2.37) and (eqn. 2.38) and making the necessary 
substitutions, we may write the gain as follows : 
(eqn. 2.39) 
This depends on the base doping only through the effect of the base doping on the lifetime; 
for heavy base doping levels, the life times may be short [47]. Evidently no serious problems 
from reduced minority carrier lifetimes arise unless the latter drop to the vicinity of 10-10 s or 
lower, at least not for plausible base widths not exceeding 1000A. 
2.4.3 Fundamental Advantages ofHBTs 
Some of the key benefits ofHBTs can be summarised as follows [48]: 
• Low base resistance, Rb, as dopings of 1019 cm-3 can be used without increasing the hole 
reverse injection into the emitter 
• High base doping ensures that when the base-collector reverse bias is increased, there is 
minimum change in the base width making the device suitable for high power application 
• Lower emitter-base capacitance since wide band gap emitters no longer need to be more 
highly doped than the base; in microwave application, a lower emitter capacitance 
reduces the noise figure significantly 
• In turn these enhance the high speed performance of HBTs as i;nax, the maximum 
oscillation frequency, is proportional to ~1/Rb . 
• Since speed determining part of the current path is perpendicular to the surface, and to the 
first order the speed is determined by the layer thickness which can easily be made much 
smaller than horizontal dimensions, there is an inherent higher speed potential in bipolar 
structures than in Field Effect Transistors (FETs). 
• For digital switching applications, in HBT based circuits, better threshold voltage control 
is ensured since in these devices this is dependent on the bandgap of the base and the 
emitter materials rather than doping dependent as in MESFETs. 
2.4.4 Abrupt Emitter-Base HBT 
A conduction band discontinuity, ~c, exists in the abrupt emitter-base heterojunction as 
shown in Figure 2.6. Since in a practical HBT, NAB » NDE, this discontinuity appears close 
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to the base leading to a potential barrier Lllib. In addition there is also an insignificant 
conduction band notch on the base side, ~En; thus, Lllic ~ Lllib. 
Em - - - - - - - - - - - - Em 
Llliv] 
EvE---
N - Emitter 
EvB 
p+ - Base 
Figure 2.6: Band diagram of an abrupt emitterlbase heterojunction 
Hence, for an abrupt junction, (eqn. 2.34) is modified to: 
(eqn.2.40) 
Hence (eqn. 2.35) is also modified and the P for a HBT with an abrupt emitter-base junction 
is now given by: 
NDEVnb (~W) 




2.4.5 Common III-V HBT Material Systems 
Among all the GaAs-based materials used for HBTs, the most investigated combination has 
been the AIGaAs/GaAs system which exhibits high current gain, high fT and fmax. However, 
the InP-based lattice matched systems, in particular InPlInGao.53As0.47 came into contention 
primarily because of its bandgap of 0.75eV which is sensitive to l300nm and 1550nm 
wavelengths - wavelengths which correspond to the low loss windows of optical fibers and 
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universally used for long haul optical fiber telecommunications. Apart from the high current 
driv·ingc.a:pacity .of l-fBIs,thematerialeompa.tibilit¥ -thatth.e.lnPllnos3C-rau.4TAs system 
allows, one can monolithically integrate HBTs with other optoelectronic devices. Also its 
superior transport properties with respect to the AIGaAs/GaAs system makes it one of the 
:strongest.c..ompetitors. 
The material band alignments for various materials for HBTs were shown in Table 2.2. ~Ev 
for the InPflnGaJ\sheterojuncti.o.n is much larger than its L\Ec :allowinga -high injection 
efficiency without compromising the base doping level. Extremely high doping 
(NAB>1020cm-3) has been achieved in InGaAs by GSMBE using Be as the p-type base dopant 
1491- "High frequency performance is also expected for InGaAsllriP'llBTs due to the high 
.electronmobili.t¥ofInGaAs.- In.addition, the .largeT -X _and_.theT .,L inter-valle.y _separation 
(~r-x = 1.0eV, ~Er-L = 0.55eV ) in InGaAs allows large collector voltage swing with high 
peak carrier velocity. Furthermore, the surface recombination velocity associated with 
.InGa...As, which is 103 Jowercompared t.o that of GaAs [50J, enables the development of 
transistors with high current gain but insensitive to collector current density and emitter 
dimension; thus allowing the latter to be scaled to the sub-micrometer regime. 
2.5 Optoelectronic Devices 
The performance of an optical link is largely determined by the detector which constitutes 
:.one -of the dictating elements. Early optical detectors were based .on Si which is -sensitive to 
0.8 to 0.9 /-lm and compatible with AIGaAs/GaAs lasers and LEDs. As detection at longer 
wavelengths (1.1 to 1.6/-lm) became necessary, devices based on Ge and III-V compounds 
became available and :research is -underway to. develop 111-V detectors for y..et longer 
wavelengths. This section focuses on the factors behind the evolution of modem 
optoelectronic devices, basic detector and transmitter operation, the key parameters relating a 
photodetectortoa system, photo receiver configurations. and a stunmary·o:fy-arious-detec.tor 
types with their advantages/disadvantages and typical published performance parameters. 
2.5.1 The Case for Fiber-Optic Telecommunication 
Immense growth in the telecommunication market has forced large consortium of companies 
tode~elopad¥anc.ednetworks :andsystemsbased on several aspects of this field digital 
signal processing, networks, transmission media, systems and finally components -
implementation of novel and highly advanced monolithic optoelectronic integration 
technology [5-1} 
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In the early days of distant telecommunication using modulated microwaves in the 1920's, the 
links were generally limited to 'line of sight' distances (~30km). Thus orbiting satellites were 
needed to relay information over long distances. Today most of these are in geo-stationary 
orbits (35,800 km above the earth) with only three satellites necessary for continuous 
coverage to any point on the globe [52]. However, signals are weakened by several orders 
after travelling these large distances thus requiring high gain antennas and powerful 
transmitters. A more pertinent problem is the delay and echo in long distance phone calls 
using these satellites. 
The accommodation large traffic requires the use of higher frequency bands. Commercial 
satellites have been allocated 6 GHz and 4 GHz frequencies for up-links and down-links. 
Other frequencies include the 12/14 GHz and 20/30 GHz bands for down-links/up-links. But, 
some of the fundamental limitations of satellite communication systems at frequencies greater 
than 1 0 GHz result from a strong interaction of radio waves with rain and ice in the lower 
atmosphere forcing its capacity to be halved during a rainy period. Also a substantial number 
of terrestrial relays are required between the exchange and the satellite ground station. 
Real interest in optical communication was aroused with the invention of the laser in early 
1960's and proposals for using dielectric waveguides or optical fibers to avoid degradation of 
the light while propagating, were made almost simultaneously in 1966. Although early 
systems were lossy (1000 dB/km), today attenuation of less than 0.2 dB/km is easily achieved 
for a carrier wavelength of 1.55JlDl [53] - a point that lies at the bottom of the lowest fiber 
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Figure 2.7: Loss Characteristics of a Silica Optical Fiber showing the three wavelengths of 
interest. (After Miya et al [53]) 
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This formed the single most influential factor in determining the course of further 
developments. Thus majority of today's long haul transmission and receiver systems are 
geared for operation at the 1.55 /lm wavelength. UriIike some of its predecessors, fiber optics 
technology has many unrivaled advantages [54]: 
• Enormous potential bandwidth: the optical carrier frequency in the range 1013 to 1014 Hz 
offers the potential capacity (bandwidth ~ 40,000 GHz) that is many orders of magnitude 
greater than the copper cable « 1 GHz) or microwave radio « 300 GHz) systems. 
• Low transmission loss: with losses as low as 0.2 dB/km, this feature has become a major 
advantage of optical fiber as large repeater spacings (70 to 100 km) may be used in long-
haul systems reducing both cost and complexity. Given their bandwidth capability this 
property provides a totally compelling case for the adoption of optical fiber 
communication in the majority of long-haul telecommunication applications. 
• Small size and weight: an optical fiber is often no wider than 50/lm; thus even after 
applying several protective layers, they are far smaller and much lighter than 
corresponding copper cables. This is a tremendous boon to alleviating duct congestion in 
cities. 
• Immunity to interference and cross talk: they form a dielectric and are free from 
electromagnetic interference making it easy to reduce optical interference and cross talk. 
• Signal security: as light from a fiber does not radiate significantly, a transmitted optical 
signal cannot be obtained non-invasively. 
• System reliability and ease of maintenance: due to the low loss property, system 
reliability is generally enhanced in comparison to conventional electrical conductor 
systems. 
By the mid 1990' s, up to 60% of the global telecommunication traffic was said to have been 
carried over optical fibers [55] and expected to rise to 85% by the millennium. Intercity 
systems based on optical fibers and using digital transmission with pulse rates ranging from a 
few hundred Mbitls to about 2Gbitls have now been widely implemented. Shorter 
wavelengths, 820 to 890 nm, are used in short distance links where the higher fiber loss is 
offset by fhe low-cost LED/Iasers and Si photo diodes which are adequately sensitive. 
2.5.1.1 Submarine Optical Fiber Systems 
In 1858 the first transatlantic cable was laid for telegraphy and transmitted less than a few 
words per minute. In 1956, the first analog transatlantic telephone cable (TAT -1) became 
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operational and carried 36 voice channels [56]. The analog TAT family grew with further 
development and the last such cable, TAT-7, carrying 4200 channels per co-axial cable was 
fuBy operational by 1983. 
However, an increasing demand by the mid 1980's for reliable intercontinental 
telecommunication resulted in the introduction of submarine optical fiber based systems 
[57,58] later that decade. High capacity cables using a carrier wavelength of 1.3 !-lm were 
laid under the Atlantic (TAT-8) and the Pacific oceans (TPC-3) respectively. These can 
transmit data at 280 Mbitls per fiber pair; they formed part of the first generation digital 
lightwave systems [59]. The second generation cables (TAT-9 to TAT-II and TPC-4) using 
a carrier wavelength of 1.5 !-lm and with enhanced transmission rate of 560 Mbitls per fiber 
pair are now in operation while the third generation cables (TAT -12 and 13 and TPC-6) are 
just being commissioned. The latter, using dispersion shifted fibers and a carrier wavelength 
of 1.55 !-lm, will implement the first fully optical system using erbium doped fiber amplifiers 
(EDFAs). The second and third generation cables have extended digital connectivity to the 
South Pacific, South East Asia and other points [60]. Two such global optical fiber systems 
are the "SEA-ME-WE-2", a 560 Mbitls second generation system, and the FLAG, a third 
generation system with a maximum expected capacity of 5 Gbitls. 
2.5 .2 Optical Detection Principles 
Photo detection involving electron excitation from the valence band to the conduction band is 
referred to as intrinsic absorption while those involving impurity centres within the material 
is known as extrinsic absorption. However, due to its associated etIiciency and fast response 
it is the former process which is of general interest [61]. 
In reviewing the basic concepts of photo detection in a p-n junction, it will be shown that 
only the detectable photo generated electron hole pairs are the ones which give rise to a photo 
current, Iph, in the external circuit of a detector. In order for Iph to have maximum effect in a 
device, it has to cause maximum change in the output. Although a p-n junction can sense a 
photo current under forward bias it is over shadowed by the bias dependent thermionic 
emission current component. Therefore, p-n junction photo detectors operate under reverse 
bias conditions where all other significant current components are very small and bias 
independent. 
The schematic electron energy band diagram and the spatial carrier concentration diagrams 
for a p-n junction photo detector are shown in Figure 2.8a and b respectively. The diode is 
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Figure 2.8: Schematic diagrams of a reverse biased p-n junction showing intrinsic photo 
generation processes 
Here energy levels are expressed in joules using the notation W (rather than in eV. using E); 
other symbols have the following meanings: 
Xn = depleted n-region 
xp = depleted p-region 
Ln = electron diffusion length 
Lp = hole diffusion length 
Ppo = majority carrier conc. in p-region 
nno = majority carrier conc. in n-region 
npo = minority carrier conc. in p-region 
Pno = minority carrier conc. in n-region 
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In order for photo generation to occur, the incident radiation must consist of photons with 
super bandgap energy, hv. Also, the radiation must enter the semiconductor material to 
energeticaHy promote a valence band electron into the conduction band thereby creating an 
electron-hole pair. The significance of penetration by the incident radiation is discussed in 
detail in Section 6.3 of this thesis. Assuming the above conditions are met, Figure 2.8 shows 
that the photo generation can take place in the bulk of either the p or the n regions - depicted 
by transition Gl, in the regions between the bulk and the depletion region - depicted by 
transition G2 or indeed in the depletion region itself - depicted by transition G3. Each of 
these three transitions will now be discussed. 
If the absorption of an incident photon results in transition G 1 the photo generated electron 
hole pairs in the bulk will randomly scatter within the p or the n-type regions until they 
recombine as dictated by their respective lifetimes 'tn and '"Cp. This is because they do not 
experience electric field in the neutral bulk region. Therefore, these will not contribute to a 
current in the external circuit and are of little use - these cannot be detected. 
If the photon penetrates deeper into the material and is absorbed giving rise to transition G2, 
it will create an electron-hole pair within a diffusion length from the high field depletion 
region. In the p-region the electrons wi11 be the minority carriers while in the n-region, the 
minority carriers will be the holes. The diffusion length may be described as the average 
distance that a minority carrier diffuses in a medium prior to recombining with a majority 
carrier; conversely, it is the distance in which an excess (in this case brought about by photo 
generation) minority concentration is reduced to lie of its peak value. The respective 
diffusion lengths can be calculated using (eqn. 2.43) and (eqn. 2.44) as follows : 
where, 
Dn = diffusion constant for electrons (= f...lnkT/q) 
'tn = electron lifetime 
Dp = diffusion constant for holes ( = f...lpkT/q) 
'tp = hole lifetime 
(eqn. 2.43) 
(eqn. 2.44) 
Therefore, if a G2 transition takes place in the p-region, the minority electrons experiencing 
the concentration gradient or the diffusion field will "diffuse" into depletion region 
boundary. Once it reaches the depletion region, it will fall under the influence of the high 
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drift field which will sweep it across to the n-region. An electron traversing the junction 
contributes a charge q- to the current flow in the external circuit. Similarly, a G2 transition in 
the n-region will cause a photo generated hole to traverse the Junction and give rise to 
another component of the photo current. 
Finally a G3 transition will cause both the photo generated electron and hole to give rise to a 
drift current; the electron will traverse to the reverse biased n-region while the hole to travel 
in the opposite direction. Since each carrier traverses a distance which is less than the full 
junction width, the contribution of this process to charge flow in the external circuit is q-. 
In practice, the last process is the most desirable since each absorption gives rise to a charge 
q- and delayed current response caused by finite diffusion time is avoided. 
2.5.2.1 The Kev Parameters Relatimr a Photodetector to an Ontical Svstem 
..t ....... .I. 01 
Some of the key parameters which relate a photo detector to the ultimate system where it is 
applied include its sensitivity, dynamic range, quantum efficiency, responsivity, internal gain, 
bandwidth and noise. The basic goal is to achieve the lowest possible noise at a given 
bandwidth or data rate. 
The sensitivity of a photo detector is defined as the minimum mean optical power needed to 
achieve a given bit error rate, BER (CCITT standard requires a BER of 10-10). The exact 
expressions for sensitivity vary according to the particular type of detector. Its dynamic 
range is the range of of input power levels over which the BER is acceptable [62]. The 
quantum efficiency, 11 , and the responsivity, R, are interlinked; the 11 is essentially the 
efficiency of converting an incident photon (optical power) into useful photo current, Iph, 
whereas the R is the amount of Iph obtained for a unit of incident optical power, Po. These 
last two parameters are wavelength dependent as discussed later in section 4.5. The internal 
gain of a detector refers to the generation of secondary electron-hole pairs created by the 
primary photo generated pair as in Avalanche Photo Diodes (APDs) or the electrical gain, B, 
of bipolar transistor based photo detectors. The bandwidth, B, refers to the range of 
frequencies over which the detector provides useful output at a pre-defined level (e.g. 3dl:3). 
Finally, the noise is a term which refers to spurious output in the absence of light; thus 
thermally generated dark current and surface and other leakage currents all add to this 
unwanted "signal" and contribute to the noise which essentially limits the sensitivity of the 
detector [61]. Terms often used to quantify this complex parameter include "signal to noise 
ratio" (SNR) and "noise equivalent power" (NEP) which is the incident optical power, at a 
51 
Chapter 2: Background Theory and Literature Survey 
given wavelength, necessary to obtain a Iph equivalent to the rms noise current within a unit 
bandwidth B. 
There is often a fundamental trade-off between the sensitivity and the bandwidth of a 
detector. For example, in the case of a p-i-n detector with a FET pre-amplifier, a large 
resistor may be needed to extract a useful voltage to drive the gate of the FEr. 1n doing so, 
however, the RC constant becomes large which limits the bandwidth of the receiver. 
2.5.3 p-n, p-i-n and Avalanche Photo Diodes (APDs) 
Photo diodes can be broadly categorised into two types: those without internal gain such as p-
nand p-i-n diodes and those with such as APDs. The penetration depth of light before it is 
absorbed within a material increases with its wavelength (see section 6.3). Thus a wider 
depletion region is necessary for long wavelength operation. In the p-n junction, this is 
achieved by making the n-type material so lightly doped that it can be considered intrinsic; 
an n + layer is added to reduce ohmic contact. This modified device is known as a p-i-n photo 
diode [61]. The intrinsic layer is wide enough to maximise absorption for a given 
wavelength and the low doping means it is fully depleted under normal reverse bias resulting 
in fast col1ection of photo generated electron hole pairs. Due to the spectralhmitations of Si 
and thermal instabilities and large dark currents associated with Ge, p-i-n diodes have been 
designed and fabricated using InGaAs which are sensitive over 0.95 to 1.65 /-lm wavelength 
range [63] and have dark currents in the pA range at room temperature [64]. Substrate entry 
heterojunction p-i-n based on InGaAs p + and i layers and InP n layers have been used to 
eliminate absorption in the top p + layer. However, this design suffers from charge trapping in 
the InGaAs/n-InP heterointerface although it is not a severe limitation to its performance 
[65]. 
In Avalance Photo Diodes (APD), the structure of the basic p-n diode is further modified to 
create an extremely high electric field; the APD consists of a n-p-i-p + type layer structure. In 
addition to the depletion n-p region where majority of absorption takes place, the high field 
region (i region) accelerates the primary photo generated pairs to acquire sufficient energy to 
excite new electron-hole pairs by impact ionization [61]. This is known as carrier 
multiplication; hence these devices have inherent gain. In order to minimise noise, the 
electric field at avalanche breakdown must be as low as possible. In Si, this has been 
achieved by using a reach through structure (RAPD) where the multiplication region is much 
wider than the n-p reglon. Much of the material problems associated with Si and Ge p-i-n 
diodes are also relevant to APDs and heterojunction devices have been realised using various 
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compound semiconductor material systems including InGaAslInP. However, the narrow 
bandgap of InGaAs gives rise to unacceptably high level of band-to-band defect tunneling 
currents which precede avalanche field. In common with the Si RAPD, this probJem is 
significantly reduced by using a separate absorption and multiplication region in the SAM-
APDs with the gain occurring at InP p-n junction where tunneling is much less [66]. As in 
InGaAs/lnP p-i-n, the issue of charge trapping at the heterointerface discontinuity is also a 
limitation in these APDs. However, Campbell et al [67] have reported the use of a InGaAsP 
(with a bandgap located between InGaAs and InP) quaternary grading layer to smooth out the 
discontinuity and hence improve speed performance in separate absorption, grading and 
multiplication (SAGM) APDs. Noise arising from multiplication region in APDs has been 
addressed by Capasso et al [68] by incorporating a super lattice structure (SL) in 
A1GaAs/GaAs and Kagawa et at [69] in the InGaAs/inA1As SL-SAM-APDs. 
2.5.4 ITO/n-GaAs Schottky Photo Diodes 
The use of a Schottky barrier photo diode has many advantages for very high speed 
applications. In common with a conventional p-i-n detector, the absorption layer thickness 
can be engineered to obtain the optimum compromise between external quantum efficiency 
and detector bandwidth. An advantage however, is that there is no slow component 
associated with minority carrier effects in the p + region of a p-i-n photo diode [70]. Planar 
Ptin-GaAs Schottky diodes with 100 GHz bandwidth have been reported by Wang et at [71]; 
the metal thickness was only 100A to allow for optocoupling. 
An inherent disadvantage of the Schottky photo diode, however, is the high series resistance 
and low efficiencies arising from the semi-transparent metal layer. This is apparent in the 
relatively low quantum efficiency of 19% and high series resistance of 190n obtained by 
Emeis et al in their p-InGaAs Schottky diodes (for operation at 1.3J..1,m wavelength) with 50A 
Ni semi-transparent metal contact [72]. 
Using a practically transparent and highly conductive layer of Indium Tin Oxide (ITO) to 
form the metal/semiconductor junction solves both these problems [73]. Figure 2.9 shows 










Figure 2.9: Band diagram of an ITO/n-GaAs Schottky photo diode. 
The absorption layer is usually lightly doped to maximise depletion and is situated directly 
underneath the metal contact. Light enters through the transparent ITO contact and creates 
photo generated electron-hole pairs. These are then swiftly separated by the built-in depletion 
field giving rise to a photo current. The speed of response of such a device depends on the 
transit time of photo-generated carriers across the depletion region, the junction capacitance 
and parasitic circuit element contribution. In a monolithic structure, device isolation, 
achieved by either proton bombardment or mesa etch or a combination of both, reduces these 
parasitics. Furthermore, a planar structure is suitable for monolithic integration with other 
circuit elements such as HBTs or HEMTs. 
Further discussion on Schottky diodes and photo detectors are presented in section 6.1 
2.5.5 Transparent-Gate High Electron Mobility Transistors (TG-HEMTs) 
The use of GaAs Metal Semiconductor Field Effect Transistors (MESFETs) and 
AIGaAs/GaAs High Electron Mobility Transistors (HEMTs) as optoelectronic detectors have 
been recently reported [74,75]. These are both essentially field effect devices where current 
is transported laterally through a channel between two horizontal electrodes, source and drain, 
that can be modulated by a Schottky electrode placed at an intermediate lateral location [76]. 
The more advanced heterojunction HEMT device usually consists of epitaxially grown n-type 
AIGaAs layer on an undoped GaAs layer grown on a semi insulating GaAs layer. The 
channel is formed by mobile charge accumulation at the heterointerface since electrons from 
the wider bandgap AIGaAs "supply layer" transfer across into the undoped GaAs in order to 
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occupy a lower energy state. Extremely high electron mobility results from diminished 
scattering due to ionised impurity as the coulombic field within the undoped GaAs crystal 
lattice is greatly reduced (77]. 
As in the ITO/n-GaAs Schottky photo diodes, radiation with energy greater than the bandgap 
of AIGaAs gives rise to a photo-generated electron-hole pair in the supply layer directly 
above the channel. This pair is separated by the built-in Schottky field giving rise to a photo 
current and corresponding photo voltage across the junction. In tum, this photo voltage 
effectively reduces the channel width and can be used for the desired optical control [78]. 
We have recently shown that using a transparent ITO gate enhances this control [79]. On the 
other hand, a photo conductive effect dominates if the energy of the incident radiation is 
between the bandgaps of the AIGaAs and GaAs; in this case, electron-hole pairs are 
generated in the GaAs channel and are separated by the lateral source-drain electric field thus 
adding to the drain current. 
In comparison with the Schottky photo diode, the responsivity of these devices is many times 
greater as a direct consequence of the in-built gain of the FET structure. An inherent 
limitation of these devices as optical detectors however arises from the fact that the 
combined vertical depth of the AIGaAs and GaAs channel layers, typically O.lllm, are 
inadequate to ensure maximised photo absorption. 
2.5.6 Heterojunction Photo Transistors (HPTs) 
With the problems encountered with APDs in the 1970's for long wavelength use and the 
advent of high speed HBTs in addition to other fundamental benefits offered by these 
devices, renewed interest in (heterojunction) photo transistors (HPTs) as optical detectors has 
been aroused. The HPT offers the dual function of detection and amplification in a single 
device. In comparison with its rivals such as p-i-nlFET or APDIFET photo receiver 
combinations, this device is a particularly attractive alternative because of its relatively 
simple structure, ease of fabrication and integrated nature [80]. From an optical 
communication point of view, HPTs can be easily integrated monolithically in existing 
MMIC and OEIC processes resulting in high reliability and low parasitic noise [81]. 
Studies using HBTs with opaque emitter contacts show excellent suitability of these devices 
as photo detectors [82] and mixers in coherent photo receivers [83] in terms of optical 
performance where signal to noise ratios in excess of 30dB have been obtained. 
Optoelectronic mixing in HPTs has considerable potential for simplification of the 
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optical/electrical interfaces in some configurations of these systems. Mixing in the HPT is 
easily realised since the base terminal can be pumped either optically or electrically. 
In the photo transistor, radiation incident on the device passes through the wide gap emitter 
unattenuated and is absorbed in the base, base-collector depletion region and bulk collector. 
Under normal common emitter operation mode, the base-collector junction is reverse biased. 
Hence it can be likened to a p-i-n photo diode (the collector doping is relatively very low). 
The base-collector junction acts as the light gathering element or the absorption layer. 
Internal gain is achieved through normal transistor action whereby tight absorbed affects the 
base current (effectively adding to the lebo component) giving multiplication of photo current 
through the device. The optical gain, G, for a heterojunction photo transistor is given by 
[84,85]: 
where, 
13 = electrical gain of transistor 
11 = quantum efficiency of the base-collector photo diode 
In terms of responsivity, this can be re-written as : 
where, 
RHPT = responsivity of the heterojunction photo transistor 
RDiode = responsivity of the base-collector photo diode 
(eqn. 2.45) 
(eqn. 2.46) 
The quantum efficiency in (eqn. 2.45) is a function of the device parameters only and is 
independent of the current gain. Other aspects of the HPT are discussed later in Section 6.2. 
2.5.7 Light Emitting Diodes (LED) and Vertical Cavity Surface Emitting Lasers (VCSEL) 
A detailed theoretical discussion on the operation ofLEDs and LASERs is clearly beyond the 
scope of this thesis. Yet, like detectors these transmitting devices constitute an inseparable 
part of the optical1ink. Solid state implementation of these devices essentially involve a p-n 
junction designed specifically for light emission rather than absorption. In the case of the 
LED, the p-n junction is formed using degenerate semiconductors to ensure forward current 
is dominated by the recombination process resulting in spontaneous emission of photons 
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[86]. LEDs have been realised using a host of III-V compounds ranging from GaN for 
ultraviolet, GaAs for blue through to near infra-red and InGaAsP for emission beyond this 
spectral range. Unlike LEDs, laser operation is dominated by stimulated emission of light 
which results in highly monochromatic radiation. Laser modulation is easily achieved by 
modulating the forward current. Since the photon lifetimes are very short, high speed 
modulation can be realised. AIGaAs/GaAs lasers are used for 0.8 - 0.9 J...lm emissions while 
longer wavelengths of 1.3 - 1.55 J...lm are catered for by the InGaAsPllnP system. 
Internal reflection and substrate absorption losses limit the external quantum efficiencies of 
LEDs. A significant portion of the drive current crosses the p-n junction directly beneath the 
contact, generating light that is obscured. Given that at the p-n junction the emitted light 
intensity is at its peak, this is particularly undesirable. The high resistances associated with a 
semi-transparent metal electrode lead to rapid decrease in junction current density due to its 
exponential dependence on the voltage; in turn this significantly reduces the emission from 
points at a lateral distance from the contact. Therefore, the use of a transparent contact not 
only allows the entire junction area to emit (which would otherwise be obscured) but it does 
so with uniformity. Aliyu et at have reported very low threshold voltage of 1. 7V for 20 rnA 
in their study using ITO contacts on AlGaInP visible LEDs [87]. 
Vertical Cavity Surface Emitting Lasers have recently aroused interest in a number of fields 
including fiber optic communication and optical computing. As the name suggests, VCSELs 
use an orthogonal cavity for light amplification rather than the common lateral .Fabry-Perot 
approach that is associated with an edge emitting laser. High reflection is made possible by 
epitaxial growth of Bragg reflectors. As in LEDs, the optical path is obscured by the route of 
the injection current. We have demonstrated that lTO can be used to realise lnGaAs/GaAs 
VCSELs for the first time resulting in very low threshold currents of 20 rnA at room 
temperature [88]. 
2.5.8 Principal Receiver Configurations 
Optical receivers can be classed into three basic categories: direct detection; coherent or 
heterodyne detection; and optically pre-amplified and tunable direct detection. 
In direct detection communication systems, where the photo detector responds merely to the 
intensity of the incident optical signal, good sensitivity or large signal to noise ratios are very 
important. Since the noise is dominated by thermal sources in the preamplifier, the 
sensitivity can be improved either by applying gain or reducing the noise [62]. To this end, 
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the most popular approach has been in favour of the p-i-nlFET combination [89] rather than 
single APDs. Other common direct detection based implementations involve using p-i-
nlHBT [90] and Schottky/HEMT [91] photo receivers. 
Coherent detection, or mixing, involves amplifying the incoming signal by multiplying it 
with a local oscillator. This has two advantages over direct detection: (a) the receiver 
sensitivity can approach the Shot noise limit of the signal and (b) much greater wavelength 
selectivity allows many more channels to be carried at different wavelengths by the same 
fiber. Heterodyne receivers have also been implemented in a wide range of device 
combinations: p-i-nIFET [92], p-i-nlHEMT [93]. However, in their comparison of a wide 
range of heterodyne receivers, Urey et al [83] reported that in terms of the available 
intermediate frequency (IF) signal/noise ratio, the best performance was obtained using HPTs 
as mIxers. 
Optical pre-amplification refers to a relatively new technology which has wide ranging 
implications. Majority oftoday's developmental work is devoted to the erbium doped fiber 
amplifier (EDFA) [55]. These utilise a silica fiber with a doped core to provide a medium 
which affords gain when optically pumped at an appropriate wavelength - presently 980 nm 
or 1480 nm because of the availability of solid state lasers which couple sufficient power at 
these wavelengths. The signal is opticaHy ampJified en route to the detector end of the link; 
this reduces component count, increases reliability and opens up full bandwidth of the fiber 
windows between switching centres. The sensitivity of pre-amplified receivers exceeds that 
of coherent systems at high bit rates representing a major cost advantage in its favour since it 
essentially uses a direct detection design; tuning is achieved by selecting a suitable filter. 
2.5.9 A Brief Comparison Between Various Types of Detectors 
A summary comparison with some of the key performance parameters for various types of 
optical detector devices is shown in Table 2.3. These represent typical figures quoted in the 
literature for advanced 111-V detectors and not necessarily the best data which is now 
available. Following the discussion on individual devices in previous sections, the purpose of 
this table is to present a "at a glance" figures of merit for these devices. For a more careful 
comparison, one needs to take into account several other factors such as material systems, the 
layer structures and the wavelength of the optical radiation amongst others; one such 
performance comparison between HPTs, p-i-nlFETs and APDlFETs has been made by 
Tabatabaie-Alavi et at [80]. In some cases, where no data is reported, an estimate is 
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presented (e.g. bandwidth estimated from quoted impulse response for the device) or left 
empty where this is not possible. 
Device Y' "' .<'. 't i ,"; 
'. \, ~ 
AdvantageSIDisadvantages' , l'-,- Bandwidth' ", Gain Ref Type , 11 
. "', 
'J" ';:l,': 1[\ ,,' !i1i i 'c" ",11' ", .~ 
p-I-n high speed, no internal gain 80% 25GHz - [94] 
SL-APD internal gain, reduced noise 83% 3.6 GHz 25 [69] 
Metal high speed, no internal gain, 
Schottky low optical coupling - 100 GHz - [71] 
Metal high speed, no internal gain, 25GHz 
Schottky low optical coupling 19% (Estimated) - [72] 
ITO high speed, high optical 
Schottky . coupling, no internal gain 32% 52GHz - [70] 
ITO high speed, high optical 
Schottky coupling, no internal gain 25% 110 GHz - [73] 
Metal 
high gain and speed, low 
quantum efficiency, suitable 50% 30GHz 270 [95] 
HPT for mixing 
ITO 
high gain and speed, 
17GHz improved quantum 
-
22 [96] 
HPT efficiency suitable for (Estimated) 
mixing 
Table 2.3: Summary of detector types and their performance parameters. 
It can be noticed from the above comparison that p-i-n devices are designed to provide high 
speed whereas APDs are essentially high gain devices. Since from a system point of view, 
the product of the gain and the bandwidth is important, there will a region of overlap where 
either device may be equally suitable. Another noticeable feature of this table is the inherent 
trade-off between the quantum efficiency, 11, and the bandwidth of the detector; the two 
lTO/n-GaAs Schottky detectors [70,73] can be used to illustrate this point at a tlrst order 
comparison: a slightly (10%) narrower absorption region enhances speed at the cost of 
lowering the 11. HPTs have also come into contention with advancements in device 
technology and material growth techniques; these devices combine high speed and high gain 
and can be used as mixers. Finally, it is clearly seen that the use of ITO as both transparent 
Schottky and emitter ohmic contacts improves the 11 without fundamentally reducing the 
bandwidth. 
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3. Fabrication and Processing 
In this chapter, all the major steps involved in the fabrication of a device are described. 
These start with a description of the wafer growth and carry through to the techniques used in 
order to realise the finished discreet device in a packaged form. This is followed by a 
summary, in the form of a schematic block diagram, of the various processing steps used in 
the fabrication oflffiTs with conventional and ITO emitter ohmic contacts. 
3.1 The Semiconductor Wafer 
Some of the fundamental principles of semiconductor growth mechanisms and the associated 
practical methods used in the manufacture of wafers for device fabrication are discussed in 
this section. 
3.1.1 Compound Semiconductor Materials 
Compound semiconductor materials can be realised by the formation of "solid solutions" of 
two or more starting materials. These solutions occur when atoms of a different element are 
able to substitute a given constituent of a material without altering its crystal structure. The 
ability to do so by the new atom is referred to as its miscibility. In order that atoms can form 
solid solutions over large ranges of miscibility, they must satisfy the Hume Rothery rules: 
• They must belong to the same group of the periodic table 
• They must have comparable atomic diameters allowing substitution without large 
mechanical distortion 
• Their ionicity must not be very different so as not to affect the tendency to attract / 
repel electrons from the site by a large amount 
• The crystal structure of each constituent must be the same 
A two component alloy is known as a binary alloy; some common examples include GaAs, 
AlAs, GaP, InP and lnAs all of which have the Zincblende (diamond) crystal structure. 
Similarly a ternary alloy is one with three components and a quaternary alloy is one with 
four. 
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AlxGal_xAs is a ternary compound where both Ga and Al are from group III enabling Al to 
replace Ga on the alpha sites of the diamond compound lattice. As the compound AlAs has 
the same structure as GaAs, this makes the formation of solid solutions of Al in GaAs easy 
and preserves the same crystal structure over the full range of Al substitution. The beta sites 
with As atoms are not altered in anyway. Thus effectively, AIGaAs is an alloy of AlAs and 
GaAs. 
Simultaneous replacement of atoms from alpha and beta sites of binary compounds allows 
quaternary alloys to be formed. InxGal_xASyPl_y is one such example. This gives a more 
flexible scheme for tailoring material properties. In this case, the binary compounds GaAs, 
InP, InAs and GaP are part of the system and together they determine the limits to the range 
of properties of the resultant compound. 
3.1.2 Epitaxy 
Epitaxy refers to the ordered growth of one crystal upon another crystal [97]. Because of the 
large range of possible semiconductor compounds and their alloys, it is rare in device 
fabrication to grow bulk crystals of all these materials. Instead, it is more attractive to realise 
the wider range of materials by epitaxial growth. This is partly due to the difficulties 
involved in developing easy bulk crystal growth techniques for each new material and also 
because of historical reasons. Two materials for which thorough research and bulk crystal 
growth and polishing methods have already been developed are GaAs and InP. 
There are three main modes of epitaxial growth: (a) monolayer, (b) nucleated and (c) 
nucleation followed by monolayer. Monolayer growth occurs when the deposited atoms are 
more strongly bound to the substrate than they are to each other. The atoms aggregate to 
form monolayer islands of deposit which enlarge and eventually a complete monolayer 
coverage has taken place. The process is repeated for subsequent layer growth. In case of 
nucleated growth, the initial deposit atoms aggregate as small three-dimensional (3D) islands 
which increase in size as further deposition continues until they touch and intergrow to form 
a continuous film. This mode is favoured where the forces of attraction between the 
deposited atoms is greater than that between them and the substrate. In the final mode, 
growth starts with the formation of a single or few monolayers on the substrate followed by 
subsequent nucleation of 3D islands on top of these mono layers. 
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3.1 .2.1 Epitaxial Lattice Matching 
Epitaxy, although a highly successful approach for growing a wide range of materials, none 
the less suffers from an important constraint. Epitaxial growth requires that the atomic 
spacing, the lattice constant, of the layer material not differ by more than a few percent and 
that they have the same crystal structure. While most materials of interest have diamond 
structure, satisfying the latter requirement, the lattice matching imposes a serious constraint 
on the range of compositions that can be grown on a given bulk substrate. Although, 
traditionally, these were provided by GaAs and InP, increasing use is being made ofInAs and 
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Figure 3.1: A plot of energy bandgap and lattice constant for major III-V compound 
semiconductors. 
This problem is best appreciated by a graph of the energy gap versus lattice constant for 
major III-V compounds, as shown in Figure 3.1. This is also known as a phase diagram. For 
a possible range of ternary alloy systems, a solid line is generated between the starting binary 
materials. In the case of a quaternary compound, the boundary is laid out by four intersecting 
lines. 
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The ability to tailor the bandgap of III-V alloys to a desired wavelength makes them 
particularly attractive for optoelectronic applications. The dark currents are significantly 
reduced in compound detectors from their Ge and Si predecessors. In addition, 
heterojunction structures can be easily used to enhance their high speed operations. One 
such system that is of great interest is the InPlInGaAs heterostructure which is sensitive to 
1.55/-lm wavelength. In this case the composition of Ino.53Gao.47As ternary compound, with 
the desired bandgap of 0.75 eV, is dictated by the lattice matching constraint to the InP 
substrate. Lattice mismatch, on the other hand, manifests itself in the form of dislocation-
induced junction leakage and low quantum efficiency in optoelectronic devices. 
3.1 .3 Growth Techniques: LPE, MOCVD, MBE 
The three basic and most commonly used compound semiconductor growth techniques are 
discussed below. These are Liquid Phase Epitaxy (LPE), Metal Organic Chemical Vapour 
Epitaxy (MOCVD) and Molecular Beam Epitaxy (MBE). MOCVD is also sometimes 
referred to as MOVPE (Metal Organic Vapour Phase Epitaxy). 
3.1.3.1 Liquid Phase Epitaxy - LPE 
LPE refers to the growth of semiconductor crystals from a liquid solution at temperatures 
well below their melting point [98]. This is made possible by the fact that a mixture of a 
semiconductor and a second element has a lower melting point than the pure semiconductor 
alone. Thus, for example, the melting point of a mixture of GaAs and Ga is considerably 
lowered from 1238 °C, the melting point of pure GaAs. The actual melting point of the 
mixture is determined by the proportion of the constituent Ga and GaAs. 
For example, in the growth of GaAs, LPE is commenced by placing a GaAs seed crystal in 
solution of liquid Ga and GaAs which is molten at a temperature below the melting point of 
the seed. As the solution is cooled, a single crystal GaAs begins to grow on the seed leaving 
a Ga rich liquid mixture with an even lower melting point; further cooling causes more GaAs 
to crystalise on the seed. 
By this technique single crystals can be grown at low enough temperatures to avoid the 
problems associated with impurity introduction at temperatures near the melting point of the 
crystal. It is particularly useful for growing III-V compounds based on Ga and In as these 
metals form solutions at conveniently low temperatures. LPE remains a successful 
63 
Chapter 3: Device Fabrication and Processing 
production technique for structures that do not reqUIre thin, uniform and high quality 
epitaxial layers needed for microwave devices. 
3.1 .3.2 Metal Organic Chemical Vapour Deposition - MOCVD 
This involves the forced convection of the metal organic vapour species over a heated 
substrate [99]. Those molecules striking the heated crystal release the desired species, 
resulting in crystal growth. The chemical process involved is quite simple in that an alkyl 
compound for the group III element and a hydride for group V element decompose in the 
500°C to 800°C temperature range to form the III-V compound semiconductor. 
Equations (eqn. 3.1) and (eqn. 3.2) represent, to a first approximation, the gas phase reactions 
that occur during MOCVD growth of GaAs, while the corresponding reactions for the growth 
of AlAs is given by equations (eqn. 3.3) and (eqn. 3.4). Hence, in order to grow AlxGal_xAs, 
a combination of the above reactions is used and the mole fraction 'x' is determined by their 
relative ratios. Similarly, in the growth of InGaAsP/lnP heterostructures, the band gap is 
controlled by the ratio of AsH3IPH3 while the ration between group III elements (i.e. 
TMGa/TMIn or TEGalTEIn) determines the lattice matching to the InP substrate. Doping is 
achieved by introducing the respective n-type (H2Se or H2S) and p-type (demethyl zinc 
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(eqn. 3.4) 
These reactions are carried out thermally with the flowing gases and the reactor cell 
maintained at or near atmospheric pressure. Common sources for group V elements are 
AsH3 or PH3 while for group ill these are trymethyl gallium (TMGa / Ga(CH3)3), trimethyl 
aluminium (TMAI / AI(CH3)3) and trimethyl indium (TMIn / In(CH3)3) or triethyl gallium 
(TEGa / Ga(C2H5)3), triethyl aluminium (TEAl / AI(C2H5)3), and triethyl indium (TEIn / 
In(C2H5)3) respectively. A typical horizontal reactor suitable for the growth of GaAs is 
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Figure 3.2: Schematic block diagram of a MOCVD reactor 
TMGa, TMAl and TMIn are all liquids that have high vapour pressure at room temperature. 
Hence these are transferred to the reactor by bubbling H2 as the carrier gas. Similarly, 
hydrogen is also used as the carrier gas for AsH3. In case of PH3, which is not easily 
decomposed, this group V source is transferred to the reactor after thermal decomposition via 
a special furnace. 
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Excellent unifonnity in layer thickness, composition and carner concentration are all 
achieved over a large area wafer using the MOCVD growth technique. This technique also 
easily lends itself to the growth of abrupt heterointerfaces. From a manufacturing / mass 
production perspective, MOCVD offers high throughput while retaining the other desirable 
properties thereby making it a very promising choice [100]. 
3.1.3.3 Molecular Beam Epitaxy - MBE. 
At its simplest, MBE is a refined fonn of vacuum evaporation [10 1]. The molecular beams 
are produced by evaporation or sublimation from heated liquids or solids contained in 
crucibles. At the pressures used in MBE equipment, collision free beams from various 
sources interact chemically on the substrate to fonn an epitaxial film. The ability to start and 
stop a molecular beam by controlling the shutters attached to the vapour containing crucibles 
in (typically 0.1 to 0.3 second) less than the time taken to grow a monolayer (typically ] 
second) has led to the ability to produce complex multilayer structures. 
MBE requires conventional ultra high vacuum (UHV) techniques and, in addition, the 
pressure in the system has to be low enough (usually 10-11 Torr) to ensure that no gas phase 
collisions occur. Thus homogenous reactions, which can occur in MOCVD, are completely 
avoided and the process is detennined entirely by heterogeneous reactions on the substrate 
surface. The sample is held at a relatively low temperature (app. 550°C for GaAs) during 
epitaxy. 
A schematic diagram of an MBE system is shown in Figure 3.3. A critical feature is the 
extensive cryopanelling surrounding both the substrate station and the evaporation sources. 
The low temperature (usually 77K) reduces the arrival rate of unwanted species and provides 
heat dissipation for both the evaporation sources and the substrate heater. The physical and 
chemical properties of the films can be monitored in-situ during MBE growth using 
reflection high energy electron diffraction (RHEED) and Auger Electron Spectroscopy 
(AES). 
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Despite the need for a sophisticated setup, the versatility offered by the MBE technique 
renders it attractive for many applications. In addition it offers precise control of film 
thickness, composition and doping. AlGaAs/GaAs heterojunctions with atomically abrupt 
interfaces are readily obtained. However, the major disadvantages associated with MBE 
include high expense because films are usually grown one layer at a time. In addition, so 
called ' oval defects' , which can be fatal for base-emitter junction of RBTs, are found at 
densities of a few hundred per cm 2; these defects are a primary factor limiting the yield of 
RBT circuits. Although extensive use has been made of MBE growth in RBT research, the 
quest for increased wafer throughput and improved surface morphology continues [100] . 
3.2 ITO Deposition by Reactive r.f. Sputtering 
The basic principles of reactive r.f. sputtering technique are described below. This is 
followed by a discussion about the calibration of the system used in this work. 
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3.2.1 Principles 
A sputtering system consists of an evacuated chamber, a target (cathode) and a substrate table 
(anode). The electric field inside a sputtering chamber accelerates electrons which collide 
with Ar atoms producing Ar+ ions and more electrons and a characteristic purplelblue 
plasma. These charge particles are then accelerated by the electric field: the electrons 
towards the anode and the Ar + ions towards the cathode (ITO target). When an ion 
approaches the target, one of the following may occur: 
1. It may undergo elastic collision and be reflected. 
11. It may undergo inelastic collision and be buried into the target. 
lll. It may produce structural rearrangement in the target material. 
IV. The impact may set up a series of collisions between atoms of the target leading 
to the ejection of one of these targets; this process is known as sputtering. 
Thus the sputtering process can be likened to a break in a game of "atomic" billiards. The 
excited ion, representing the cue ball, strikes the atomic array of the target - the neatly 
arranged pack - scattering them in all directions. Some of these will be ejected in the 
direction of the original approaching ion i.e. normal the target surface. It is this ejected 
particle which is useful for deposition on the surface of the wafer. Hence the sputter process 
essentially involves knocking an atom or molecule out of the surface of a target. Under the 
right conditions, the sputtered species will travel through space until it strikes and condenses 
on the surface of the substrate. For further detail see references [lO2, lO3] 
A r.f sputtering system allows the deposition of non-conductive materials at a practical rate. 
In such a system, the r.f. power alone is capable of generating the plasma and accelerate ions 
to the target to cause sputtering. 
3.2.2 The Nordiko 1500 r.f. Sputtering System 
Figure 3.4 shows the schematic of the sputtering chamber and the associated r.f. power 
supply of the Nordiko 1500 system. Both the top and the bottom electrodes are shielded by 
guard rings. The diameter of the top electrode is 20cm while that of the target electrode is 
lOcm and the distance between them is 7cm. The r.f. generator is operated at 13.56 MHz. 
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Figure 3.4: Schematic of the r.f Sputtering Chamber 
The material to be sputtered is made into a target and mounted onto a circular copper 
backing plate using Ablebond 84-1MI heat resilient adhesive [105]. In this case the target 
consists of a circular disk of hot pressed 99.999% purity ITO (90% In203 + 10% Sn02) 
which is 4 inch diameter and approximately 0.25 inch thick (available from [106]). During 
deposition, the sample is inverted and placed into substrate table facing the target. There are 
two shutters which separate the target and the substrate. These help prevent contamination of 
the target during sample loading and unloading, protect the sample during pre-conditioning 
as well as provide means of controlling ITO deposition thickness during sputtering. 
The sputtering procedure is commenced by evacuating the chamber to pressures lower than 
lxlO-6 Torr. Ar, being a noble gas which does not react with either the target or the 
semiconductor wafer, is then introduced into the chamber at a specified pressure. This is 
followed by allowing 02 into the chamber at a set rate. The r.f supply is then switched on 
and stabilised to the required power and induced d.c. bias levels; this bias is an indication of 
the sheath potential and is a good sign of the ion bombardment energy. During this time the 
substrate is shielded by the top shutter. Once pre-conditioning is complete, the top shutter is 
opened marking the beginning of the deposition process. 
3.2.3 Controllability and Calibrations 
The specifics of the system and the repeatability of the sputter conditions will be discussed 
next. The chamber is first "roughed" before being opened to the high vacuum pump. Figure 
3.5 shows the chamber pressure dropping as it is pumped by the rotary pump through the 
"roughing valve"; the pressure was monitored using the thermocouple gauge 1. It is seen 
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that the pressure drops to below 0.1 torr (the pressure which has to be attained before the 
high vacuum valve can be opened) in less than 10 minutes . 
• 
0.8 
Pressure measured using 
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Figure 3.5: Chamber pressure vs. time after opening the roughing valve. 
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Figure 3.6 shows the schematic diagram of the by-pass pumping system of the Nordiko 1500 
sputtering machine along with all the associated vents and pressure gauges. In order to 
standardise the oxygen content of the plasma during the sputter depositions, it is necessary to 
measure the partial pressure of the gas rather than the flow rate although the two are 
proportional for a given system, total pressure and flow rate of the other constituent gases - in 
this case, AI. 
Thus it was necessary to install a second pressure gauge, Penning 505, into the sputtering 
chamber in order to monitor actual pressure there and to measure the partial pressures of AI 
and 02 gases respectively prior to exciting the plasma as the existing Hastings gauge did not 
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cover the necessary range. The alternative is to monitor the respective flow rates of the two 
gases, but as this relies on the absolute pressure gradients it is not very useful for 
standardising the deposition conditions. However, once the partial pressures are calibrated 
against the flow rates, the latter was used to monitor the partial pressures during the 
deposition because the ion gauges become unstable once the plasma is excited. 
Pressure Guage : 
PENNING 505 
(7.5x10·3 to 7.5x10·g torr) 
Pressure Guage : 
PENNING 8 
(10-2 to 10-7 torr) 
Pressure Guage : 
HASTINGS 
Pressure Guage : 
~ THERMOCOUPLE 1 
(Atm. to 0.001 torr) 
Backing 
Valve 






(Atm. to 0.001 torr) 
Figure 3.6: Schematic of the by-pass pumping system 
Figure 3.7 shows the chamber pressure vs. time once the high vacuum valve is opened and it 
is pumped by the diffusion pump. It is seen that the actual chamber pressure, as monitored 
by the newly installed Penning 505 gauge, is always slightly higher than the pressure between 
the diffusion pump and the chamber. Figure 3.7 also shows that the time taken to reach the 
"base pressure" (usually lxlO-6 torr) is approximately 2.5 hours. 
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Figure 3.7: Chamber pressure vs. time after opening high vacuum valve 
Once the chamber was pumped down to the base pressure, argon gas was flowed in at 150 
mlcm-2s-1 and the high vacuum valve adjusted to maintain a chamber pressure of 5xlO-3 torr. 
At this stage, the "throttle pressure", P(Throttle), was found by switching off the argon flow and 
was found to be 2xlO-5 torr. Ar flow was restored and 02 was then flowed in at the required 
rate (over the range 15 to 105 mlcm-2s- I); the high vacuum did not need to be readjusted at 
any of these stages to maintain the set pressure of 5xlO-3 torr. The Ar was then switched off 
again to find the chamber pressure, P(Chamber) due to the 02 flow alone under these 
conditions. The partial pressure of 02, P02, was then found using (eqn. 3.5), as follows : 
p( Chamber ,oxygen) - p( Throttle) 
P02 = P P 
(Chamber,oxygen+argon) - (Throttle) 
(eqn. 3.5) 
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Figure 3.8 shows the P02, the oxygen partial pressure, as a function of the 02 flow rate. As 
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Figure 3.8: 02 Partial Pressure vs. 02 Flow Rate~ the Ar flow rate was kept constant at 150 
-2 -1 
mlcm s throughout. 
3.2.4 Sample Preparation Prior to ITO Deposition 
Following usual cleaning of samples in TCE, acetone, methanol and D.l. water, these were 
etched in a 1 HCI : 1H20 solution for up to 1 minute (in case ofInGaAs samples, the soaking 
period was reduced to 20 seconds as InGaAs is etched in this solution). This pre-etching 
promotes ITO adhesion to semiconductor substrates and is particularly useful for subsequent 
reliable patterning ofITO by wet chemical etching techniques. A mild solution ofHF (10%) 
for 10 seconds has also known to have been used for this pre-etching prior to ITO deposition. 
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3.3 Photolithography 
Photolithography is used to pattern the wafer surface for defining the exact dimensions of 
devices and circuits. Although e-beam lithography provides the most advanced technology, 
this work involved only conventional photolithography using an ultra violet source. This 
involves spinning on a thin layer of a light sensitive polymer, known as photoresist, on the 
wafer surface. Ultra-violet light is shone onto this layer through a mask containing the 
pattern to be transferred. Areas exposed to UV light can then be removed using a developer 
solution. The remaining pattern on the wafer can now be used for etching the wafer or 
depositing a metallic layer onto it. Further detail is available in [107]. 
The thickness of the resist layer is critical. It is usually set by the duration and the speed of 
the spinner for a given photoresist. In this case Shipley 1400-27 photoresist was used and 
spun at 4,500 rpm for 35 seconds producing a thickness of approximately l~m. Best results 
were achieved for wafer dimensions of roughly 1 cm x 1 cm. 
3.4 Metallisation by Resistive Thermal Evaporation 
Resistive thermal evaporation IS one of the most commonly used metal deposition 
techniques. It consists of vaporising a solid material (pure metal, eutectic or compound) by 
heating it to sufficiently high temperatures and recondensing it onto a cooler substrate to 
form a thin film. As the name implies, the heating is carried out by passing a large current 
through a filament container (usually in the shape of a basket, boat or crucible) which has a 
finite electrical resistance. The choice of this filament material is dictated by the evaporation 
temperature and its inertness to alloying/chemical reaction with the evaporant. This 
technique is also known as "indirect" thermal evaporation since a supporting material is used 
to hold the evaporant. 
Once the metal is evaporated, its vapour undergoes collisions with the surrounding gas 
molecules inside the evaporation chamber. As a result a fraction is scattered within a given 
distance during their transfer through the ambient gas. The mean free path for air at 25°C is 
approximately 45 and 4500 cm at pressures of 10.4 and 10.6 torr respectively. Therefore, 
pressures lower than 10-5 torr are necessary to ensure a straight line path for most of the 
evaporated species and for substrate-to-source distance of approximately 10 to 50 cm in a 
vacuum chamber. Good vacuum is also a prerequisite for producing contamination free 
deposits [108,1 09]. 
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Figure 3.9: Schematic diagram of a resistive thermal evaporation system. 
Two separate Edwards E305 thin film coating systems were used for the deposition of all the 
metals referred to in this work; a schematic diagram of one such system is shown in Figure 
3.9. These systems are fitted with an acoustic crystal monitor which is linked to Edwards 
film thickness monitor (model no. FTM5) for controlling the amount of metal deposit. 
Because of the exceptionally large scattering tendency of Zn during evaporation, depositions 
involving Zn (e.g. AulZnlAu ohmic contacts) were carried out in only one of the evaporators, 
hereafter referred to as the "p-type system". All other metalisations were carried out in the 
other evaporator, named the "n-type system", to prevent cross contamination. 
Because there is a lateral distance between the crystal detector used for in-situ monitoring of 
the deposited films and the substrate, it is necessary to determine the ratio of respective 
amounts of deposit between these two surfaces. This ratio is known as the "tooling factor" 
and is a unique quantity for a particular evaporator which depends on a number of factors 
including the dimensions of the system and the actual evaporant. Table 3.1 lists the 
experimentally determined tooling factors for the metals used in this work. 
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, 
Metal ' 3 , Z (Acoustic Tooling Factor ,~~ Current [A] Density [glcm] ~ I ' Impedence) 
I" 
'", , ..
Al 2.70 8.20 1.71 44.0 
Au 19.30 23 .17 1.55 54.0 
AuGe 20.17 23.18 1.51 52.0 
In 7.30 10.49 1.30 34.0 
Ni 8.91 26.66 1.26 80.0 
Ti 4.50 14.05 1.42 75.0 
Zn 7.04 17.17 1.55 25 .0 
Table 3.1: List of metals used in the fabrication of devices in this study and their properties 
relevant for resistive thermal evaporation. The ambient pressure is below 2 x 10-6 torr. 
All filament boats used consisted of tungsten material and unless otherwise stated, prior to 
commencing each evaporation, the base pressure was better than 2 x 10-6 torr. Typical 
values for the minimum current required to evaporate each of these metals is also listed in 
Table 3.1. It should be noted that Ni evaporation is particularly tricky and requires two 
boats. Hence a large current is needed to reach its boiling point. Best results were obtained 
when a Ni wire was placed diagonally across the boat thereby itself providing an added 
current path. 
3.5 Wet Chemical Etching 
Etching process, like metalisation, is an integral part of fabricating semiconductor devices on 
wafers with epitaxially grown active layers. These vertically stacked layers have to be 
defined by mesa etching in order to make contacts to underlying layers or simply to 
electrically isolate a working device to restrict undesirable leakage currents. In addition, 
certain metals and compounds can also be defined by etching after deposition. Chemical 
etching is one of the more convenient ways of achieving this. Table 3.2 lists a host of 
chemical solutions which were used in the course of this work for various device 
fabrications; a more comprehensive list of etching solutions is available in [110]. 
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Material Etching Solution Etch Rate [Aisec] 
:" 
8NH3 : 3H202 : 400H20 (isotropic) 30 
GaAs 1H2S04 : 1H202 : 30H20 60 
IHF : 1H202 : lOH20 80 
8NH3 : 3H202 : 400H20 25 
AIGaAs 1H2S04 : 1H202 : 30H20 60 
IHF: 1H202 : IOH20 80 
InGaP conc. HCI Fast 
InP IHCI : IH3P04 Fast 
InGaAs IH2S04 : IH202 : 20H20 30 
IHCI : 1H20 8 ITO 125 IHF : IH202 : IOH20 
Al conc. KOH (at 30 °C) 10 
In IHCI: 5H20 Fast 
Table 3.2: List of chemical solutions and their approximate etch rates for wet etching 
various materials used in the course of this study. Unless otherwise stated, all rates 
correspond to a 20 °C and 60% humidity ambient conditions. 
In its simplest mode, chemical etching involves the dissolution of the material without any 
change in the chemical nature of the dissolved species. Factors affecting etch rates include 
temperature, humidity, strength of the etching solution as well as the morphology and the 
cleanliness of the surface being etched. In addition, given the tendency of different 
crystallographic planes to etch at dissimilar rates, various orientations of single-crystal 
substrates may etch very differently in a given etchant [111]. An example is GaAs in 
ammonia solution (8NH3 : 3H202 : 400H20) which is therefore referred to as an isotropic 
etchant in this case. 
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In this study, wherever possible all etching was carried out in a controlled environment with 
known temperature and humidity. The samples were cleaned thoroughly in organic solvents 
to remove surface contaminants in steps prior to etching. 
One of the more difficult steps in the fabrication of Alo.3GaO.7As/GaAs HETs is reaching the 
thin base (usually 1000A or less) and leaving enough material for a good ohmic contact; a 
schematic of the processing steps involved is given in section 3.11. Although selective 
etching techniques (involving KI + 12 + H20) can be used to minimise the risk, it is 
inapplicable where the Al mole fraction is less than 40% [112]. Selective etching is a 
process which refers to difference in etch rates between different materials. Thus to etch 
these Alo3Gao.7As/GaAs HBTs the ammonia solution was used and the etching had to be 
carefully monitored. Estimated doping levels monitored from breakdown voltage of the 
surface layer were used as a guide. These aspects are further discussed in section 3.7. 
Etching InGaP/GaAs or InP/InGaAs wafers is relatively simple as a selective etching solution 
is readily applicable. InGaP only etches in conc. HCI (dilute solution is ineffective) which 
does not attack GaAs while the ammonia solution does not etch InGaP. Similarly, the 
respective etchants for InP and InGaAs listed in Table 3.2 do not etch the other material. 
Although it is difficult to quantify the etch rates of InGaP in conc. HCI or InP in ortho-
phosphorous acid (lHCI : IH3P04), it was found that approximately 1000A of both these 
materials can be removed in 10 sec. in the respective etching solutions. 
In the fabrication of GaAs based Schottky diodes, given the large thickness involved (several 
11m in total), the ammonia solution was used for etching to the highly doped substrate. Both 
breakdown voltage and Talystep was used for judging the depth of the etch. The HF (lHF : 
IH202 : 10H20) solution was also used in cases where etch depth was not very critical such 
as in the isolation of TLM mesas consisting of thin conductive layers over thick SI substrates. 
3.6 Reactive Ion Etching 
The principles of reactive ion etching are the same as those in reactive sputtering. The 
exception is that the sample to be etched is used as the target from which atoms are removed. 
For further information see [113]. 
A previously in-house built RIE system was used for this work; this system was modified 
from a plasma deposition system (model no. DP80 with load lock option) manufactured by 
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Plasma Technology (UK) Ltd. [114]. It was used in the dry etching ofITO and the results are 
discussed in section 5.2. The system will be briefly described here. It is fitted with Ar, 02 
and Freon gas sources and is capable of delivering up to 200W r.f. power. The sample to be 
etched is placed on a glass slab in the centre of the chamber. It is then evacuated to pressures 
better than IxlO-4 torr using a turbo pump; the etchant gas is then flowed in at a constant 
rate regulated by flow controllers. The r.f. power is then switched on to start the etching. 
3.7 Thickness Monitoring and Calibration 
Monitoring metal deposition thickness or wafer etch depth are regular but vital parts of the 
whole fabrication process. Post deposition thickness measurement is also the only easy 
means of monitoring the ITO sputtering where no in-situ detector is available. In the course 
of fabrication, the doping on wafers vary according to their depth and etching processes have 
to be carefully monitored and controlled. This can be done by etching for a predetermined 
length of time if the etch rate of a particular solution is known. Similarly, the accuracy of 
film thickness monitors often need to be cross checked in the case of metalisation. However, 
definite results are obtained if the wafer is tested after the deposition or etching is complete. 
Two methods were widely used for doing so in this work; the first method can be used for 
measuring actual thickness and is applicable for both etching and depositions while the 
second is only suitable for judging etch thickness. These are described next. 
3.7.1 Talystepping 
The Taylor-Hobson Talystep (model no. 5) is a highly sensitive purpose built instrument 
designed for the micro-electronics industry which can measure vertical features down to 
lOoA within a few percent accuracy [115]. This method involves physically traversing the 
surface with a fine stylus suspended from an electro-magnetically sensitive spring. Vertical 
movement of the stylus is amplified electronically and recorded on paper by a spark pen. 
After leveling the sample with respect to the traverse plane, the stylus is scanned either 
across the test feature or over its edge. An accurate surface profile can be built up in this way 
and to some extent the instrument will also reveal the surface roughness up to a given range. 
Lateral features wider than a few /lm such as edge profile of mesas or metal pads can also be 
inferred at very low stylus scan speed - this dimension being limited by the physical width of 
the stylus. The maximum traverse length is 1 mm. 
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A more advanced version of this principle has been developed and incorporated into what is 
known as an "Atomic Force Microscope" or AFM [116]. This instrument is linked to a 
computer and as well as printing out surface profiles, the AFM is capable of producing 3-
dimensional graphics of a relatively large surface (lmm by Imm) which can manipulated to 
alter the perspective. 
3.7.2 Electrical Method 
The electrical method relies on the breakdown voltage of a reverse biased Schottky diode to 
estimate the doping concentration and hence the thickness of an etched sample whose doping 
profile is known. It is particularly suited to situations when the entire surface needs to be 
etched or the mesas are too small where either no edges remain or those that do would be 
unsuitable for Talysteping. 
Thus the breakdown voltage is measured by placing two gold (tipped) probes firmly on the 
test surface. These can be treated as two Schottky diodes connected in a manner such that 
one is reverse biased if the other is forward biased. Thus, the reverse breakdown voltages, 
Vbr, of either of the diodes, derived from Poisson's equation for a Schottky diode can be 
expressed as [117]: 
(eqn.3.6) 
where, 
Ebr = field required to cause breakdown 
It is seen that the Vbr is inversely proportional to the doping concentration. Knowing the 
doping profile, allows the estimation of the current surface doping from the breakdown 
voltage (for a given bias, the current will be increased if the doping is greater and vice versa). 
Hence, the need for further etching can be judged on this basis. 
In practice, the probes must be kept clean and sharp with a reasonable separation between 
them. Figure 3.10 shows the plot of a typical Vbr as a function of etch time in ammonia 
solution for an AIGaAs/GaAs HBT layer; typical etch rates for GaAs and Alo.3Gao.7As are 30 
A/sec and 25 Alsec respectively. The large change in the Vbr is used as guide to judge the 
etch depth and therefore it relies on significant variation in the doping profile of the wafer 
between successive layers. 
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Figure 3.10: Plot of a typical breakdown profile as a function of etch time for an 
AIGaAs/GaAs HBT wafer (no. 3075-3)~ an ammonia solution (8NH3 : 3H202 : 400H20) was 
used at room temperature and below 60% humidity. 
This technique has been used successfully over the course of this work to fabricate 
AlGaAs/GaAs HBTs and other devices where selective etching was not a viable option. 
3.8 Annealing Methods 
There are two distinct techniques which were used for alloying ohmic contacts or annealing 
sputter induced damages out of substrates where appropriate. These are presented below. 
This is followed by a brief description of a technique adopted for producing good ITO ohmic 
contacts. 
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3.8.1 Thermal Furnace Annealing (TF A) 
A schematic of the Gallenkamp thermal furnace oven used in this work is shown in Figure 
3.11. It consists of long cylindrical hollow glass tube (app. 60 cm long, 2.5 cm diameter) 
surrounded by heating coils and thermal cladding material. Removable glass bungs with 
narrower glass pipes are attached at either end. These pipes are connected to allow the flow 













Figure 3.11: Schematic diagram of the Gallenkamp Thermal Furnace Annealing (TFA) 
system. 
A smaller hollow tube (app. 10 cm long and 2 cm diameter), used for carrying the sample to 
be treated, can be slid in and out of the outer tube using a clean glass rod. There are 
graduation marks along the outer tube allowing the user to accurately note the position of the 
inner tube and hence the sample. There is also a thermocouple placed in close proximity to 
the central part of the outer glass tube, which is the hottest region. The system is capable of 
operating in the temperature range 100°C up to 800°C. Power to the lkW heating coils is 
controlled from a temperature controller to set the desired temperature. 
3.8.2 Rapid Thermal Annealing (RTA) 
The rapid thermal annealer (RTA) was built in-house previously. As the name suggests, the 
RTA allows "flash" annealing by swiftly raising the temperature (typically from 25°C to 
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400°C in 10 sec.). It consists of a small vacuum chamber pumped by an ordinary rotary 
pump (minimum pressure reached is about 10-2 torr) and a N2 gas inlet to cool and maintain 
a steady pressure during annealing. Inside the chamber there are two graphite strips (2.5cm x 
15cm x Imm) stacked vertically with app. 2mm separation between them. These strips are 
clamped between two supportive metal rods through which a large current can be passed to 
raise the temperature. There is also a thermocouple placed on the centre of the lower 
graphite strip for controlling purposes. 
Annealing is carried out by placing the sample between the two graphite strips. The chamber 
is then evacuated and then flushed with N2. This is repeated 3 times to remove any traces of 
moisture and contaminants. Finally with both the pump outlet and the N2 inlet opened 
simultaneously, a steady pressure just below atmospheric is reached. The annealer is set to 
the desired temperature and switched on for the required period (between 30 to 60 sec. is 
adequate for most applications). After this period, power is turned off and the sample is 
allowed to cool in the steady flow ofN2. When the temperature reaches about 45°C (in about 
3 min.) the sample is removed. 
3.8.3 Annealing ITO Ohmic Contacts 
In the fabrication of ITO ohmic contacts, it was necessary to use a "step-wise" annealing 
approach (see section 6.2.). The TFA was used for this purpose and the temperature 
controller was set to 800°C with a steady flow of forming gas. The lateral temperature 
variation along the outer glass tube was calibrated to the distance from the mouth. This was 
then used to set the required temperature for the ITO ohmic contact annealing scheme and 
the position was varied when a new temperature was required. 
The calibration itself was carried out by using a second thermocouple attached to a glass rod 
which was placed inside the outer glass tube of the TF A. The temperature and the position of 
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Figure 3.12: Calibration curve for thermal oven set at a temperature of 800°C with forming 
gas flowing. 
3.9 Wafer Thinning Technique 
After the major device fabrication steps are complete, the wafer is often thinned from the 
bottom to ensure maximum heat conduction during device operation. It is also important for 
scribing very small devices. 
The front of the wafer is covered with a thick photoresist (3 /.!m) and hard baked to protect 
the devices from any mechanical damage. It is then gently turned upside down and pasted on 
a cylindrical aluminium chuck (2 cm diameter) with wax. The surface to be lapped faces 
outward. 
The reverse side is then polished using a mechanical polisher covered with fine grained sand 
paper. Once the required thickness has been removed, the sample is recovered by a soak in 
TCE to remove the wax. The photoresist from the front surface is removed in the usual way 
using acetone. 
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3.10 Scribing, Packaging and Bonding 
Before processing can begin, all wafers have to be reduced to a standard size. This is made 
possible by means of scribing. Scribing is also necessary for precisely separating individual 
devices (usually in the 1 OO~m diameter range) for mounting onto transistor headers after all 
other fabricating stages have been completed. 
A pneumatic scriber (Tempress Automatic Scribing Machine) was used in this work. The 
wafer to be cut is firmly held in position on the scriber stage by a vacuum chuck. Scribe 
marks are made using a diamond tip attached at the end of a mechanised arm which can be 
accurately positioned and moved across the wafer. Once scribing is complete, the wafer is 
sandwiched between two thick clean-room wipes. A heavy roller is then firmly run over it. 
Cracking sound confirms the cleaving action. Individual pieces are then dusted with dry N2 
gas ready for packaging. 
T05 transistor headers are used for mounting test samples. At first the T05 is coated with a 
conductive epoxy resin. A tiny drop of EPO-TEK H2ID [118] is sufficient for packaging a 
sample several millimeters across. Suitably scribed pieces are then gently placed on the 
glued spot and allowed to cure at 130°C for 2 hours. 
Once the sample has been packaged, the devices are ready to be bonded to individual legs of 
the T05 header. A wedge bonder (Westbond model no. 7400A) machine and 17~m diameter 
gold wire was used for most bondings. Bonding is usually carried out at 125°C. This 
machine is also equipped with an ultrasound source which may be used for stubborn and 
difficult bondpads although excessive use can damage the device. A metal cap is then placed 
on the header to protect the devices within and prevent accidental breakage of the fine bond 
wires through mechanical stress. 
3.11 Processing Steps - the HBT Example 
The fabrication starts with thoroughly cleaning the wafer. A liftoff lithography is followed 
by metalisation of the emitter as shown in step C 1 of Figure 3.13. This is followed by step 
C2 when a mesa etch to the base is carried out after appropriate etch lithography has been 
done. Steps C3, C4 and C5 involve the base metalisation, mesa etch to sub-collector layer 
and finally the collector contact metalisation respectively. The relevant chemical etching 
steps have already been described in section 3.5. 
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Step C 1: Emitter Metal Contact 
n - Sub-collector 
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Step C5: Collector Metal Contact 
Figure 3.13: Processing steps for (large geometry) conventional HBT devices 
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In the case of the ITO emitter contact HPTs, a few of the initial fabrication steps are either 
different or modified from those of the conventional contact devices. These are shown in 
Figure 3.14. As before the wafer is thoroughly cleaned followed by ITO deposition as shown 
in step T1. Step T2 shows that a film of Al is then deposited over the ITO and subsequently 
patterned with the emitter mesa mask for etch lithography and wet etched using the KOH 
solution (see section 3.6). 
Indium Tin Oxide (ITO) 
Step Tl: ITO Deposition 
n - Collector 
n' - Sub-collector 
, 
Semi-insulating Substrate 
, , L ____ ______ ________________________ __ __ _______ ____________________ • ____ . 1 
Step T3: ITO Defmition by RIE 








: t L ______________________________________________________________________ : 
Step T2: AI Mask Deposition 
for Dry Etching ITO 
---------.----------------------------------------------------------
Step T4: Emitter Mesa Etch and 
Anneal of the ITO Contact 
Step TS: Metal Contact to ITO Layer 
Figure 3.14: Additional processing steps for (large geometry) HPT devices with transparent 
ITO emitter ohmic contacts 
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The ITO is then dry etched in Ar followed by Al mask removal by dissolving in KOH as 
before. This is shown in step T3 of Figure 3.14. The sample is then patterned again with 
photoresist and etched to the base. At this point the ITO contact is annealed (step T4), 
followed by further liftoff lithography using the emitter metal mask. A metal is then 
deposited over a part of the ITO ohmic contact for bonding purposes (step TS). The 
remainder of the processing is the same as those shown in steps C3, C4 and C5 of Figure 3.l3 
for conventional RBT fabrication. 
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4. Measurement and Analysis Techniques 
4.1 Transmission Line Model- TLM 
Transmission Line Model (TLM) theory was used for accessing the quality of ohmic contacts 
as well as electrical properties of ITO films used in this study. This technique was proposed 
by Reeves and Harrison. A detailed analysis is available in their published work [119,120]. 
4.1.1 Theory 
A schematic diagram of a semiconductor material with ohmic contact pads prepared for TLM 
analysis is shown in Figure 4.1. It can be seen that the sample is first mesa etched usually to a 
semi-insulating substrate or to a depth where there is a natural depletion layer such as 
between n + and p + material. This is done in order to isolate columns of the conductive 
epitaxial layer there by restricting current flow within the mesa height, d. Metal pads, of 
finite width, w, and length, s, are then deposited on the mesa at a linearly increasing pad 
spacing, L, such that Ll < L2 < L3. 
Figure 4.1: Schematic diagram of a semiconductor material with ohmic contact pads 
prepared for TLM analysis. 
A constant current is passed between two adjacent pads through two probes; a second set of 
probes are then used to measure the voltage drop using a digital volt meter (DVM) enabling 
the total resistance between the pads to be obtained. Separate current source and DVM are 
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preferred to a single ohm meter because of the latter's relatively low impedence which may 
give rise to inaccuracies. The process is repeated and the total resistance is plotted on a 
linear graph as a function of pad spacing; an example is shown in Figure 4.2. 
G d· ~h ra lent = W 
Pad Spacing, L 
Figure 4.2: An example of a plot of total resistance as a function ofTLM pad spacing 
From Figure 4.1, it is seen that the resistance, r, between two adjacent pads, is given by: 
r = 2Rc + Rs 
where, 
Rc = resistance due to the contact 
Rs = resistance due to the semiconductor material 
Rs is given by: 
where, 
R = pL 
S dw 
p = resistivity ofthe semiconductor material 
(eqn.4.1) 
(eqn.4.2) 
But, since the sheet resistance, Rsh, of the semiconductor is given by p/d, we can re-write 
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Thus, (eqn. 4.3) has a gradient of Rsh/w and x and y aXIS intercepts at Lx and 2Rc 
respectively. Reeves et at [119] have shown that Rc can be expressed as: 
(eqn.4.4) 
where, 
Rsk = modified sheet resistance of the material directly underneath the pads 
LT = the transfer length related to the distance required for current to flow into or out 




Pc = specific contact resistance 
Using (eqn. 4.3) and (eqn. 4.4), the relationship between Lx and LT is given by: 
(eqn.4.6) 
Rearranging (eqn. 4.4), 
(eqn.4.7) 
Rearranging (eqn. 4.5), 
2 Pc = LT . Rsk (eqn.4.8) 
Substituting (eqn. 4.7) in (eqn. 4.8), 
R 2 2 c W (eqn.4.9) 
Rsk 
In practice, Rsk is detennined using the "end contact resistance" analysis. Referring back to 
Figure 4.1, let us consider three resistances between pads 1 and 2, 2 and 3 as well as 1 and 3, 
denoted by R12, R23 and R13 respectively. Using, (eqn. 4.3), these can be expressed as: 
(eqn.4.10) 
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s = length of the contact pad 
Thus, the end contact resistance, .Re is defined as follows : 
(eqn.4.13) 




Substituting (eqn. 4.15) m (eqn. 4.9), the specific contact resistance, Pc, can now be 
expressed as: 
(eqn.4.16) 
In addition to these parameters, the transfer resistance, Rb is often used as a figure of merit in 
the related literature. Rt is given by: 
(eqn.4.17) 
4.1.2 Experimental Set-up 
In this study, the TLM pattern consisted of a rectangular mesa and eight rectangular contact 
pads. The mesa dimension was 300llm x l2Ollm; the metal pads were IOOllm x 50llm 
(corresponding to wand s respectively); and the pad spacings were IOllm, 20llm, ... 60llm, 
and 70llm (corresponding to L j , L2, ... L6 and L7 respectively). Once the sample to be tested 
was fully prepared, the "Auto TLM" system was used for taking the measurements [121]; this 
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consists of a 16 fingered (8 x 2) probe card connected to a current source, DVM, controller 
card and a PC. Once the probe card is aligned and lowered over the mesa, all resistance 
values are measured automatically and transferred to the PC; generally, alOmA source 
current was used for these measurements. The acquired data was then plotted and analysed 
to access the ohmic contacts or the ITO films. 
From a purely experimental point of view, one has to be very careful about deformation to 
metal pad shape especially after anneal treatments where AuGe based contacts tend to flow. 
Deformed pads alter many of the vital dimensions which are pre-set in the analysis program; 
hence, in such cases, inspection under the microscope is required to obtain more realistic 
values for these dimensions and they need to be re-entered in order to obtain accurate values. 
4.2 Current-Voltage Measurements (I-V) 
Current-voltage (I-V) measurements refer to d.c. characterisations of devices for the purposes 
of performance analysis and parameter extraction. In this section, the importance of various 
Schottky diode and HBT parameters are briefly discussed. This is followed by a description 
of the necessary experimental set-up. The actual settings on the measuring equipment are 
listed in Appendix C. 
4.2.1 Schottky Diode Parameter Extractions 
The theory behind these parameters has been dealt with in section 2.2. In addition a number 
of good publications are available in the literature which deal with various general [122,]23] 
and specific extraction techniques where diodes suffer from high series resistance [124]. In 
practice, most of the diode parameters are extracted by first plotting its I-V characteristics on 
a 10glO(I) vs. V graph as shown in Figure 4.3 . 
The semi-logarithmic I-V plot can be divided into three distinct regions: region 1 is the non-
linear region due to non-exponential behaviour of diodes at low voltages (leakage currents 
amongst other factors); region 2 is the linear region and region 3 where the current is limited 
by the series resistance. 
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Figure 4.3: Semi-logarithmic I-V plot for a typical Schottky or a p-njunction diode. 
4.2.1.1 Barrier Height, 4>ho 
This is defined as the potential barrier to thermionic emission that naturally exists between an 
intimate metal and semiconductor contact at zero applied bias. Current transport dominated 
by thennionic emission is assumed and the 4>bo is extracted by fitting a straight line in region 
2 of Figure 4.3. From (eqn. 2.6) it is seen that the y-axis intercept of this fit gives the 
saturation current I teo: 
Thus, 
I = AA**T2 . exp(-q4> bo ) 
teo kT 
kT AA **T2 
4>ho= - In---
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** This approach requires the modified Richardson constant, A ,to be known for the particular 
metal/semiconductor junction. As discussed later in section 6.1.1, the slope of an Arrhenius 
2 plot (In[IteiT ] vs. liT) can be used to extract a more accurate value of the $bo. However, this 
requires that the diode be first characterised at several temperatures. 
4.2.1.2 Ideality Factor, n 
The diode junction quality is quantified using its ideality factor, n. Again, using the linear fit 
to region 2 of Figure 4.3 and (eqn. 2.6), this can be expressed as: 
v 
n=l 
kT In(I/ I teo ) 
= l_1 ___ 1_ 
kT . In(10) . slope 
4.2.1.3 Series Resistance, Rs 
(eqn.4.20) 
The series resistance is determined from region 3 of Figure 4.3 where at high current, the plot 
becomes flat and is assumed to be dominated entirely by the Rs. A plot of VII is made and Rs 
is extracted from the point where this curve saturates to a steady minimum value. 
4.2.2 Bipolar Transistor / HBT Parameter Extraction 
The theory ofHBTs was dealt with in section 2.4. Since adequate information is available in 
the literature [125,126] only an overview of the relevant extraction techniques will be 
provided here. 
4.2.2.1 Output Characteristics 
This is a series of plots of the collector currents, Ic, as a function of collector-emitter voltage, 
Vee, at different base currents, lb. From this plot, it is possible to ascertain the amount of 
offset voltages, ~ V ceo, between the emitter-base and the base-collector (hetero and homo) 
junctions; the linearity of gain with Ib; and the presence of base-width modulation amongst 
other phenomena. 
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4.2.2.2 Gummel Plot 
The simultaneous plot of Ie and Ib vs. the base-emitter voltage, Vbe, on a semi-logarithmic 
scale is known as a Gummel Plot. This plot is extremely useful in device characterisation 
because it reflects on the quality of the emitter-base junction while the base-collector bias, 
Vbe, is kept at a constant; in this study, Vbe = O. A number of other device parameters can be 
ascertained either quantitatively or qualitatively directly from the Gummel plot because of its 
semi-logarithmic nature: the d.c. gain, 13; base and collector ideality factors, nIb and nle; 
series resistances and leakage currents. 
4.2.2.3 D.C. Current Gain, 13 
The d.c. current gam, 13 (= Ie/Ib), of a transistor is measured in a common emitter 
configuration is an important figure of merit for the device. Particularly useful information 
can be obtained when 13 is plotted versus the collector current, Ie. Ideally, this should be as 
flat a curve as possible over a wide range for good devices. 
In practice, the gain is limited by leakage currents at low Ie and hence the presence and 
nature of these leakage currents can be ascertained by a plot of log 13 vs. log Ie. Similarly, a 
high collector current densities (> 105 Acm-2), the gain is also reduced primarily due to the 
onset of high injection effects in the base and the Kirk Effect [127]. High injection effects, 
occurring at the point where the number of electrons injected from the emitter into the base 
become comparable to native holes in the base, are unlikely to affect HBTs where base 
dopings, NAB, of 1019 cm-3 is common. The Kirk Effect refers to gain reduction due to the 
electron concentration in the collector depletion region becoming comparable to the native 
collector donor levels, NDC, which affects the electric field in the base-collector junction 
resulting in an increase of hole injection from the base into the collector; this is also known 
as "base pushout". In HETs, the latter effect is minimised by the relative (to homojunction 
transistors) high collector doping density, NDC-
4.2.2.4 Emitter and Collector Series Resistance, Ree' and Rce' 
The Ree' is measured by connecting the transistor in a common emitter configuration, setting 
Ie = 0 and varying the Ib, as shown in Figure 4.4. 
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1=0 c 
= 
Figure 4.4: Transistor configuration for measuring emitter series resistance, Ree'. 
Since Ie = 0, there is no potential drop across R:e', and hence the entire Vce is dropped across 
Ree' provided the base-emitter junction is not turned on (i.e. Ib is very low < 5 rnA). Ree' is 
then given the slope of the plot of Ib vs. Vee. R:c' can be measured by interchanging the 
emitter and the collector terminals in Figure 4.4. 
4.2.3 FET / HEMT Parameter Extraction 
4.2.3.1 Transfer Characteristics 
This is a series of plots of the drain-source currents, Ids, as a function of drain-source voltage, 
V ds, at different values of gate bias, V gs. This plot can be divided into three regions: the 
linear region where Vds is small compared to the sum of the gate built-in potential, Vbi and 
V gs and the channel current responds linearly to an increase in V ds; the triode region at 
increased V ds where the gate-drain depleting potential, V gd, is greater than V gs and the 
channel current begins to be restricted by this expanded depletion region; the saturation 
region is where the V ds is sufficiently high to fully deplete the channel and current flow 
saturated at the value, Idss, when this first occurs. 
4.2.3.2 Transconductance, gm 
The transconductance is a quantitative measure of an FET device's amplification capability. 
It is given by differentiating the channel current in the saturated region at a constant V ds. 
Thus, 
I Vds eons tan t (eqn.4.21) 
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4.2.4 Experimental Set-up 
The d.c. characterisation set-up essentially consists of a probe station, a Hewlett-Packard 
HP4145B Semiconductor Parameter Analyser (SPA) and an IBM compatible personal 
computer (PC). The probe station is connected to the SPA via a set of BNC cables enabling 
the measurement of a number of d.c. parameters. Devices packaged on T05 transistor 
headers can be characterised using an appropriate box equipped with BNC sockets. The SPA 
is in turn connected to the PC by an IEEE interface allowing data transfer. A schematic of 










Figure 4.5 : Schematic diagram ofI-V measurement and data transfer set-up 
The SPA is designed to be a fully automatic high performance and versatile test instrument 
capable of measuring, analysing and graphically displaying d.c. characteristics of a wide 
range of semiconductor devices. It has four programmable voltage source/monitor ports 
(SMU), two programmable voltage source ports (Vs) and two voltage monitor ports (Vm) . 
Each SMU can be programmed to operate in one of three modes: 
1. voltage source or current monitor (V) 
2. current source or voltage monitor (I) 
3. common ground (COM) 
Thus appropriate programming of the SMUs involving sweeping the voltage/current or 
holding these at a constant value enables the user to perform a wide range of operations on 
the device under test. The maximum current which can be sourced from the SPA is 100 rnA 
while the minimum measurable current is 5xlO-13 A lending itself to good use for most d.c. 
parameter extractions. 
The HP4145B SPA also has a 3.5 inch floppy disk drive which can be used for storing 
measured data, programs and auto sequences. The data is stored as ASCII text and can be 
easily transferred into the PC through the IEEE interface at the rear. Programs are usually a 
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set of instructions entered by the user defining the SMU mode and its limit, the graphical 
display screen and the axis. An auto sequence, as its name implies, is a series of programs or 
functions which are automatically carried out by the instrument once it is started by the user. 
Thus for a HBT, an auto sequence can be written to measure, display and save the output, the 
gain, the Gummel plot, the individual junction characteristics and the collector and emitter 
series resistances respectively with the press of a single button. Time delays can also be 
incorporated into an auto sequence rendering the SPA into a very powerful and indispensable 
tool. 
4.3 Capacitance-Voltage Measurements (C-V) 
Capacitance versus (usually reverse) voltage, referred to as C-V, measurements can be used 
to study the most basic properties of semiconductor rectifying junctions. In addition to 
obtaining simple capacitance values at a given bias, which may be important for circuit 
simulation, the data can be manipulated to yield a number of other parameters such as the 
built-in potential, Vbi, the doping profile as a function of depth [128,129] and the barrier 
height [130]. C-V measurements also form the basis for more advanced analysis techniques 
such Deep Level Transient Spectroscopy (DLTS) [131]. However, only some of the more 
basic techniques will now be discussed in greater detail. 
4.3.1 Theory 
From Poisson' s analysis, the depletion width of an abrupt p-n junction is given by: 
where, 
= 2EoEr (NA +N D ) (v _ V ) 
xdep . NN . bi app 
q A D 
Xdep = depletion width of an abrupt p-n junction 
Eo = dielectric constant of free space 
Er = dielectric constant of the semiconductor material 
q = electronic charge 
NA = acceptor doping density in the p-region 
ND = donor doping density in the n-region 
Vbi = built-in potential 
Vapp = applied bias 
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In case of a n-type Schottky junction, the above equation can be simplified to (eqn. 4.23). 
This is also appropriate for the analysis of a p-n junction where the p-region is very highly 
doped in comparison to the n-region, for example in the base-emitter or base-collector 
junctions of a N-p-n HBT. In these conditions, the application of a reverse bias is assumed to 
have no significant effect on the base width. 
Xdep = 
(eqn.4.23) 
The junction capacitance of the devices is approximated to that of a parallel plate capacitor, 
which is given by: 
EoErA C =--"-~ (eqn. 4.24) 
xdep 
Substituting (eqn. 4.23) into (eqn. 4.24) yields: 
(eqn. 4.25) 
The measured C-V data can be manipulated to plot a graph of 1/C2 versus Vapp as follows: 
1 (eqn.4.26) 
The x-axis intercept of (eqn. 4.26) yields the built-in potential, Vbi. 
The doping profile for the semiconductor wafer, i.e. a plot of the doping concentration versus 
the distance from the junction, can be derived using one of two possible sets of equations. 
Firstly, the depletion width (corresponding to a measured capacitance value or applied bias) 
can be calculated from either (eqn. 4.24) or (eqn. 4.23); the use of (eqn. 4.23), however, 
requires Vbi to be determined using the intercept of (eqn. 4.26). Secondly, the doping 
concentration, ND, (corresponding to a measured capacitance value) can be determined using 
either one of the following equations: 
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Whereas the derivation of (eqn. 4.27) is by differentiation of (eqn. 4.26) with respect to Vapp, 
and necessary substitutions, (eqn. 4.28) can be derived by differentiating (eqn. 4.25) with 
respect to Vapp. These derivations are presented in Appendix D 1. The relative practical 
benefits of choosing between the two possible sets of equations when plotting the doping 
proflle is discussed in section 4.3.3. 
4.3.2 Experimental Set-up 
The experimental set-up for the C-V measurement system consists of a probe station, a 
Hewlett-Packard HP4284A precision LCR meter with HP16048A test leads and a PC 
interfaced with the appropriate GPIB cable and IEEE interface card. The device under test is 








Figure 4.6: Photograph of the C-V measurement system. 
A dedicated driver software, developed at King's College, resident in the PC is used to 
control the various functions of the LCR meter. In addition to C-V measurements over a 
wide range of bias and test frequencies, the HP4284A LCR meter is also capable of 
measuring the series resistance and any inductance present in the device being tested. The 
101 
Chapter 4: Measurement and Analysis Techniques 
frequency range for the test signal is 10kHz to IMHz and the latter setting is used for all the 
measurements in this study. The shape of the test signal can also be varied from the usual 
sine wave to a ramp and triangular wave to study the effects of hysterisis loops. The 
measured data is saved directly in the PC and later analysed using external software. 
4.3 .3 Limitations 
C-V measurements suffer from a number of fundamental limitations [132]. These include 
the total depth which can be profiled before the onset of avalanche breakdown on the 
semiconductor material and the validity of the depletion approximation. In a GaAs sample, 
where the maximum sustainable field is approximately 4x105 Vm- 1, this depth varies 
between 0.02/-lm and 20/-lm for ND = 1018 cm-3 and 1015 cm-3 respectively. This limit can be 
significantly extended at the cost of destroying the sample by using an electrolytic Schottky 
barrier and etching through it while making CV measurements. However, the two 
requirements for the depletion approximation, that the depletion region be free from mobile 
charge and have an abrupt boundary, are harder to fulfill in practice. 
As seen from (eqn. 4.24) to (eqn. 4.28), accurate knowledge of the junction area is crucial to 
CV measurements. In addition, they are also vulnerable to erroneous interpretation 
particularly due to series resistance and parasitic capacitance [133] as well as those arising 
from the device geometry [134]. Undetected bias independent parasitic capacitance is 
particularly misleading when analysing small geometry devices where the perimeter/area 
ratio may be large; this is because while the peripheral parasitic capacitance proportional to 
the perimeter, the junction capacitance is proportional to the diode area. 
4.4 Cryogenic Measurements 
Cryogenic measurements refer to characterisations carried out under low temperature 
typically ranging from liquid helium (4.2K) or liquid nitrogen (77.3K) to below room 
temperature (298K). These measurements are used for determining a number of physical 
parameters & mechanisms in semiconductor materials and devices such as bandgap, barrier 
heights, defect levels, current transport mechanisms etc. In this study, the lowest temperature 
was limited to 77.3K, the boiling point of nitrogen. 
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4.4.1 Experimental Set-up 
A Oxford Instruments variable temperature liquid nitrogen cryostat, model DN1704, in 
conjunction with a temperature controller, model ITC4, also manufactured by Oxford 
Instruments, constituted the major parts of the experimental set-up. A schematic diagram of 


















with heater & 
temperature sensor 
Figure 4.7: Schematic of the Oxford Instruments Cryostat, Model no. DN1704 
The cryostat consists of an inner cylindrical sample chamber surrounded by an outer jacket; 
the outer jacket is pumped to a relative vacuum for thermal isolation during measurements. 
T05 headers containing the test device are mounted on a metallic rod insert which enters the 
cryostat from the top, placing the device into the sample space at the bottom. The insert has 
11 BNC connectors: 10 for the T05 header and 1 for an additional temperature sensing 
silicon diode placed in close proximity to the test device a few millimeters above the T05 
header. 
A heat exchanger with heater and temperature sensor sits slightly above the sample. 
Following the insertion of the test device, the inner chamber is pumped down and flushed 
with dry nitrogen; the procedure is repeated several times to remove any water vapour which 
would otherwise condense at sub-zero temperature and may short out electrical contacts. 
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Temperature control is achieved by setting the target on the ITC4 temperature controller and 
adjusting the liquid nitrogen flow rate into the heat exchanger; it is opened progressively for 
lowering the temperature or closed for raising the temperature. 
The temperature sensing diode mounted on the insert rod is first calibrated against the 
temperature reading of on the ITC4 controller display. This is achieved by passing a lOf..l.A 
forward current from a Keithley source through the diode and measuring the voltage drop 
across it with a digital volt meter. The current is deliberately kept low to minimise the 
effects of local heating from the sensing diode. At a constant forward current, the voltage 
drop across a diode is inversely proportional to the ambient temperature according to the 
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Figure 4.8: Graph of voltage drop across the temperature sensing diode vs. ambient 
temperature while the forward current was kept at a constant value of 10jJ.A. 
In addition to calibrating the DVM reading versus the temperature for the sensing diode, it is 
important to establish the time required to reach a target temperature. This is shown by the 
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Figure 4.9: Graph showing the time required to reach a target temperature. 
It is seen that the approximate time to reach a steady target temperature varies between 25 to 
35 minutes. This time is independent of the direction i.e. the time taken to reach a higher 
temperature takes roughly the same as that for a lower temperature. 
4.5 Optical Measurements 
This section describes the experimental set-up behind some of the regular optical 
measurements carried out in the course of this study. These include the optical transmittance 
measurement of the ITO films and assessment of the absolute responsivities of the 
optoelectronic devices which were subsequently fabricated. 
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4.5.1 ITO Film Characterisation 
The transmittance of the ITO films were measured using a double beam Perkin Elmer 
spectrophotometer (Model 330). In this system, the source beam from a filament lamp is 
first monochromated and then split into two separate coherent beams; a clear glass 
microscope cover slide is placed in the path of the first beam while an identical cover slide 
coated with the ITO film to be characterised is placed in the path of the second beam. These 
monochromatic beams are then converged and converted to a measurable electrical signal. 
This process is repeated by sweeping the wavelength of the beam over the entire range of the 
characterisation: 200 - 2000nm in this study. The measured transmittance is then recorded on 
a X-Y chart recorder or converted to a digital form using a suitable AID converted. 
The benefit of having a double beam spectrophotometer means that there is no need for two 
separate measurements (one for the uncoated and one for the ITO coated sample) but also the 
actual transmittance of the ITO films is obtained directly as a result leaving aside any 
common background artifacts such as interference due to the presence of water vapour or 
indeed characteristics of the microscope cover slides themselves. 
4.5.2 Device Quantum Efficiency and Absolute Responsivity 
The quantum efficiency, 11, of an optoelectronic device is defined as the fraction of electrons 
collected over the number of incident photons which are absorbed [61]; this can be expressed 
as: 
where, 
rq = rate of electron collection 
r p = rate of photon arrival 
(eqn.4.29) 
As discussed in later chapters, 11 varies with the wavelength, A, of the photons and IS 
therefore quoted for a specified A. 
The absolute responsivity, R, of the device at a given wavelength, is defined as the ratio of 
the output (photo generated) electrical current, Iph, over the corresponding input optical 
power, Po: 
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(eqn. 4.30) 
Since the energy of a photon is given by the product of its associated frequency, v, and the 
Planck constant, h, the rate of photon arrival can be expressed as a function of the 









q = the electronic charge 
R, from (eqn. 4.30) can now be expressed as: 
R= ql1 
hv 






In order to do absolute responsivity measurements, devices are packaged in T05 transistor 
headers. These are then plugged on a jig, as shown in Figure 4.10, designed to isolate 
mechanical vibrations (originating from measuring equipment) disturbing the precision 
optical alignment of the device under test. The jig can be rigidly mounted on a triple axis 
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Figure 4.10: Schematic diagram of the jig used for optical characterisation of devices 
mounted on T05 headers. 
A schematic block diagram and a photograph of the actual measurement set-up are shown in 
Figure 4.11 and Figure 4.12 respectively. The responsivity measurement set-up consists of a 
solid state Sharp LT022MSO AlGaAs laser with an emission wavelength of 780 nm and a 
maximum output power of 5m W. The laser is packaged into a collimator and controlled by a 
dedicated laser driver circuit (available from Hero Electronics, UK). The emergent beam is 
then launched onto the surface of the detector using a convergence lens with beam diameter 
of less than 10 /lm. Individual XYZ micro-manipulators, mounted on an optical bench, are 
used for positioning the laser, the lens and the detector to allow maximum flexibility in 
obtaining an optimum responsivity. 
Photodetector Lens Ended Fiber Output 
Single Mode 
Optical Fiber 
Focusing Lens Collimating Lens 
Laser Driver 
Circuit 
Figure 4.11 : Schematic block diagram showing the essential set-up for optical 
characterisation of a test photodetector. 
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Figure 4.12: Photograph of optical bench being used for measuring the optical output 
characteristics of a photo detector under test. 
In case of the responsivity measurements at 1310 nm, the Sharp laser was replaced by a Laser 
Diode Inc.(ofCalif. USA) LD 6171 (BN 17444). This laser is packaged on a chip with an 
on-board fiber interface. Thus a monomode fiber designed to carry light at this wavelength 
was pig-tailed to the laser. A fiber with LD interface (model no. LOF121A 000411 -
available from E-Tek Dynamics Inc., Calif. USA) and a fitted lens was used to focus the 
beam on the detector. The lens in this case has a nominal focusing capability of 2 ~m 
diameter output beam. 
4.6 Spectral Response 
Spectral response, SA" of a device refers to its responsivity as a function of wavelength. In 
this section the experimental details and data interpretation methods are described while 
detailed discussions on the underlying theory is presented in Chapter 6. 
4.6.1 Experimental Set-up 
Spectral response measurements were carried out using a tungsten filament lamp, chopper 
and a Bentham monochromator (M300) over the 450 to 1830nm wavelength range. Light 
from the monochromator was incident on a device biased beyond the turn-on point in series 
with a suitable resistor. The voltage drop across the resistor was monitored through a lock-in 
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Plotter 
Figure 4.13: Schematic diagram of the experimental set-up for spectral response 
measurements on detector devices 
4.6.2 Deconvoluting Optical Non-linearities 
There are sources of non-linearities in a complex optical system such as the one described 
earlier. Two such sources are the tungsten filament lamp and the grating. These need to be 
taken into account in order to obtain a true spectral response of the device. 
As the white light source is a tungsten filament lamp, the amount of energy radiated through 
the emission spectrum is not uniform; in practice it behaves like a blackbody source at a 
temperature of the filament which in this case is 3100K. The spectral radiancy, WA" of a 
blackbody at temperature T is given by Planck' s formula [135,136]: 
(eqn.4.36) 
where all the symbols have their usual meaning and the units for WA, here is in Wm-2~m-l. 
The spectral radiancy of the Sun and a tungsten filament lamp are plotted using the above 
equation in Figure 4.14; the temperature of the Sun and the lamp are assumed to be 4500K 
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Figure 4.14: Spectral Radiancy of the Sun and a tungsten filament lamp 
For accurate interpretation of the data, it is important to remove the effect of this non-linearity 
present at the light source from the measured spectral response of the device under test. This 
is known as deconvolution. The measured spectral response is divided by the blackbody 
radiancy corresponding to each wavelength. The non-linearity due to the grating, on the other 
hand, was removed by using the actual spectral efficiency of the grating supplied by the 
manufacturers. 
In practice, the absolute responsitivites for most of the devices studied were measured at two 
or more wavelengths using separate lasers where appropriate (630nm, 780nm and 1300nm 
respectively). The measured spectral response, SA., was then normalised to one of these 
wavelengths while the second absolute responsivity was used to cross-check the validity of 
the SA.. 
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5. Indium Tin Oxide (ITO): Experiment and Results 
5.1 ITO Deposition - Results and Discussions 
As seen in Chapter 2, a variety of thin film deposition techniques have been employed to 
obtain ITO films. Of all the techniques, activated reactive evaporation (ARE) and sputtering 
have yielded the best results [6]. Numerous studies have been carried out on the preparation 
of highly conducting transparent Indium Tin Oxide (ITO) films. The results reported in these 
studies vary significantly from one another and suggest that the film properties greatly 
depend on deposition conditions and demand a careful optimisation of growth parameters as 
well as post-deposition treatments for reproducible results. 
Hence some of the more influential factors determining the optical and electrical properties 
of the deposited ITO film including the total and partial pressures of the reactive gases, the 
substrate temperature, target oxidation as well as other growth related effects are discussed 
here. 
5.1.1 Accuracy of Measuring the Electrical Properties ofITO Films 
There are several experimental techniques available for measuring the electrical properties of 
ITO films: 
a. van der Pauw method [137] 
b. four-point-probe method [138] 
c. TLM method [119] 
Although the first two are by far the most commonly used techniques in the literature, the 
TLM method has been used throughout the majority of this investigation for the following 
reasons: 
(i) While the van der Pauw method is accurate and provides detailed information about the 
test film, it does however require lengthy post-deposition pattern definition steps similar 
to those in the TLM method. Because we already had an elaborate and automated set-up 
for the TLM measurement method, used for appraising conventional metal ohmic 
contacts to a wide range of compound semiconductor epitaxial layers, allowing swift and 
accurate measurement (as described earlier in chapter 4), it was more convenient to use 
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this method. However, mmor appropriate modifications in the pre-test sample 
preparation steps were necessary which are described later in the text. 
(ii) Although the four-point-probe method is an easy and convenient tool for resistivity 
measurements, it has a number of drawbacks which made it particularly unsuitable for 
the specific circumstances of this investigation. The accuracy of this method depends on 
both the sample shape and its dimensions. These are discussed below. 
On a slice of finite thickness d, the four-point-probe will introduce voltage gradients 
perpendicular to the surface. In so far as these gradients are negligible, the slice can be 
treated in the same way as an infinitely thin slice and the proper sheet resistivity can be 
obtained. For a four-point-probe on an infinite sheet of finite thickness the following relation 
holds: 
V 1t (d) Rh= -d-F-
s I In2 L 
(eqn. 5.1) 
where 
Rsh = sheet resistance 
d = film thickness (typically few thousand A) 
L = probe spacing (= 1.6 mm in our case) 
F( dIL) = correction factor approaching unity as d approaches zero. 
In our case this correction is not necessary because the ratio (dIL) almost always approached 
zero. 
Figure 5.1 shows a schematic diagram of the four-point-probe measurement set-up; it is 
shown that the current is applied through probes 1 and 4 and the voltages measured between 
probes 2 and 3. 
Probes 
L = probe spacing 
(1.6 mm in our case) 
d = film thickness 
Figure 5.1: Schematic diagram of a four-point-probe measurement set-up for a ITO film of 
arbitrary shape and dimensions. 
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In addition to corrections needed for varying film thickness, accurate measurement using the 
four-poi nt-probe method must take into account the shape of the test sample. This has its 
own correction factor, Cr, which depends on the relative size and shape of the test sample 
with respect to the probe spacing and the previous equation is then modified to: 
where 
V 1t 
Rh = -d-C 
s I In2 f 
(eqn. 5.2) 
Cr = correction factor to account for relative size and shape of test sample with 
respect to probe spacing. 
In case of a circular sample of diameter D, for example, as the ratio DIL increases so does the 
value of Cr. For square or oblong shaped samples, the selection of the appropriate Cr is more 
complex. 
It is these reasons which require that for accurate comparison of electrical properties of 
successively deposited ITO films, it is necessary to have identical shapes or sizes; each 
sample had to be at least 1 cm2. In practice, this proves rather difficult and at best laborious. 
A further discouraging factor is that highly resistive ITO films (Rsh > 1 kQ) tend to "bum" 
due to large current concentration at the probe tips rendering the entire sample unusable for 
further analysis. The results obtained from two samples from the same deposition had a large 
standard deviation (between ± 10% and ± 20% ) and were often not repeatable. 
Therefore, the TLM method, although slightly more time consuming in post-deposition 
sample preparation, was chosen to safeguard the integrity of the results which is vital for any 
comparative analysis work. The theory and the basic set-up of this technique have already 
been discussed in Chapter 4 therefore only the modifications needed to apply it for these 
purposes will now be described. 
Following ITO deposition on highly resistive S.l. GaAs substrates, the samples were etched 
with TLM patterns to form ITO mesas. Further photolithography was used to deposit metal 
pads on the ITO mesas. The purpose of the ITO mesa is to confine the current between two 
metal pads when a voltage is applied to them. A schematic diagram of this set-up is shown in 
Figure 5.2: 
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Figure 5.2: Schematic diagram of a typical ITO film sample prepared for electrical 
measurements using the TLM method. 
The TLM method has various advantages over the four-point-probe method: 
• sample shapes and sizes are always identical as they are produced using the same TLM 
mask set hence no correction factors have to be taken into account 
• many accurate measurements can be made from a relatively small sample (a 1 cm2 sample 
contains 20 TLM mesas allowing as many independent measurements) 
• metal pads ensure that the current is uniformly spread out minimising the risk of either 
heating or burning the ITO underneath, which would increase the resistance or render it 
unusable 
• repeatable results were obtained with acceptable standard deviation (below ±5%) for 
samples from the same deposition run. 
• the existing automated TLM measurement system could be used for swiftness and 
accuracy. 
Table 5.1 shows the sheet resistance and the associated standard deviation of the same ITO 
film measured at four different parts using both the four-point-probe method and the TLM 
method: 
Method No. of Measurements R.b(Q/[J] 0 
4 Point Probe 4 675 16.5% 
TLM 4 617 2.5% 
Table 5.1: Rsh of the same ITO film measured using both the four-point-probe method and the 
TLMmethod. 
Therefore, all subsequent electrical analysis of ITO films were carried out using the TLM 
method. 
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5.1 .2 Optical Properties of the Deposited ITO Films 
During all ITO depositions, the film transparency was monitored by placing a microscope 
cover slide on the Nordiko 1500 substrate table. The transmittance measurements were 
carried out in a double beam spectrometer; details of these measurements are described in 
Chapter 4. 
Figure 5.3 shows the measured transmittance of a typical ITO film over the wavelength range 
200 to 2000 nm. It is seen that above 90% transmittance is achieved for the 500 to 2000 nm 
wavelength range corresponding to 2.48eV to 0.62eV energy range which covers the majority 
of the III-V compound semiconductors such as AlAs, AIGaAs, GaAs, InP and InGaAs as well 
as Si and Ge. These results are a marked improvement over those obtained by Zhang et af 
who reported a transmittance of 80% over the 400 to 1300 nm wavelength range for ITO 
films grown by d.c. magentron sputtering [139]. 
o 400 800 1200 1600 2000 
Wavelength fnm 
Figure 5.3: Graph of measured transmittance vs. wavelength for a typical ITO film grown by 
reactive r.f sputter deposition. Film thickness was approximately l ,sooA. 
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Figure 5.3 shows that the transmittance sharply decreases below a threshold wavelength; this 
is due to fundamental absorption of ITO for which the widely reported value of the bandgap 
is approximately 3.75eV [7,13]. The measured transmittance data can be used to obtain the 
bandgap of the ITO film - in particular, the dependence of the absorption co-efficient, a, in 
the absorption edge on the wavelength can be used to calculate this bandgap. The 
transmittance, Tr, as a function of the wavelength, A, for a film of thickness d is given by 
[14]: 
T - A (-47tk'd/A.) r - .exp 
where, 
k' = extinction co-efficient 
and, A is a constant given by: 
where, 
A = 16nOn[ (n;TO + k'2) 
{(no + nITo )2 + k'2 }{(n[ + n ITo )2 + k'2} 
no = refractive index of air 
nj = refractive index of substrate (microscope glass cover slide) 
nITO = refractive index of ITO film 







For k,2 « nITo2, the transmittance is mainly dependent on the exponential term of (eqn. 5.3) 
and the constant A can be approximated to 1; hence taking this into account and combining 
(eqn. 5.3) and (eqn. 5.5), Tr can be simplified to: 
rearranging, we obtain a: 
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Now, (eqn. 5.7) can be used to plot a 2 as a function of energy, hv, and extrapolated to a 2 = 0 








3.2 3.6 4.0 4.4 
hv/eV 
Figure 5.4: Graph of a 2 vs. energy for a typical ITO film grown by reactive r.f. sputter 
deposition. The extrapolated bandgap for this ITO film is (3.7±O.03) eV. 
In this study, the value of the determined bandgap for a typical ITO film deposited by 
reactive r.f. sputtering is (3.7±0.03) eY. This is in good agreement with the values reported 
in the literature within the bounds of experimental error. However, it should be noted that 
most of the data in the literature were measured using ellipsometric measurements - a 
technique which is more accurate but more cumbersome than the one used here. 
5 .1 .3 Effect of Total Pressure 
In a reactive r.f. sputtering environment, a minimum gas pressure, or a threshold pressure -
Pr - is required in order to excite the plasma. In our case this was 10-3 torr. As most 
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depositions were carried out below this pressure, it was therefore necessary to raise the 
chamber pressure momentarily to Pr in order to excite the plasma and then reduce to the 
required pressure. The plasma was self-sustaining throughout the entire deposition pressure 
range. 
The total pressure effects the deposition process in a number ways : 
• greater the pressure, greater the number of particles in the plasma 
• increased number of particles increases the probability of sputtering from the target at a 
given r.f. power and therefore will increase the deposition rate 
• however, greater number of particles increases the probability of scattering of sputtered 
particles during transit from the target to the substrate and will have an adverse effect on 
the deposition rate beyond a given pressure. 
• the total pressure at a given r.f. power also effects the induced bias on the electrodes 
which in tum influences the deposition rate. 
These findings about the dependence of the deposition rate on the chamber pressure are in 
good agreement with experimental observations of Sreenivas et al [6]. Therefore, it is 
important to take this parameter into account for optimizing ITO deposition. In this 
investigation, the total chamber pressure was kept at a constant 5 mtOIT. 
5.1.4 Effect of Oxygen Partial Pressure, P02 
There is a strong dependence of ITO film properties on the oxygen partial pressure which 
demands close control for reproducible preparation of such films. For r.f. sputtered ITO 
films, it is well known that while the transparency of the ITO films is directly proportional to 
the oxygen content of the plasma in the sputter chamber, the sheet resistance is inversely 
proportional to it [7,8,140]. Similar findings have also been reported for these films grown 
by other techniques such as ion-beam sputtering [11] and spray pyrolysis [141]. 
Figure 5.5 shows the results ofITO films deposited under various oxygen partial pressures at 
a r.f. power of 150 W. It is evident that the sheet resistance is directly proportional to the 
exponential of the oxygen partial pressure. Whereas the transmittance of these films were 
above 90% in the 500 to 2000 nm wavelength range, further reductions in the oxygen content 
severely degraded the transparency to below 60%. Total absence of 02 resulted in dark 
brown deposits with maximum transmittance of 50%, for very thin films of 500A, which 
diminished for thicker films . 
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Figure 5.5: The sheet resistance, Rsh, and the resistivity, p, of ITO vs. the oxygen partial 
pressure, POz, in the r.f reactive sputtering plasma; the corresponding Oz flow is also shown 
for reference. 
The high conductivity of the ITO films has been attributed to both substitutional tin and 
oxygen vacancies, created either during film growth or post-deposition annealing resulting in 
a material represented as Inz-xSnx03-zx [3]. Increasing the oxygen partial pressure above a 
value which yields a near stoichiometric film composition would thus result in an 
accumulation of excess oxygen, mainly at the grain boundaries acting as trapping centres for 
free carriers [7]. This means that the barrier scattering becomes the dominant process since 
the barrier height increases strongly. At the same time the density of free carriers is reduced 
as they are partly localised at the trapping sites [12]. This results in a decrease in the carrier 
mobility, and therefore a corresponding fall in the film conductivity is observed. Buchanan 
et at [8] have also suggested that the decrease in the conductivity in increased POz is 
primarily due to a reduction in the carrier concentration caused by the occupation of oxygen 
vacancies rather than due to tin doping. A rapid increase in the ITO resistivity has been 
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consistently observed by Kellet et at on films grown on both GaAs [142] and Si [143]; they 
have related this observation to ITO' s wide oxygen stoichiometry and its degeneracy 
(resulting in high conductivity) when the P02 (and hence the oxygen content) is reduced. 
With regard to the dependency of the transmission of ITO films on the P02, Fan et at [5] 
have reported complimentary findings to those obtained in this study. They observed that the 
ITO film transmittance increased rapidly with increasing oxygen partial pressure exceeding 
80% at a P02 of 3xlO-3 then saturating around 90% for further increase. In addition to 
increasing the transmission of the films, there is also a shift of the intrinsic absorption edge to 
longer wavelengths (i.e. lower photon energies) due to an increase in P02. Simple 
calculations show that this shift can be as much as 10%. Study of r.f sputtered ITO films by 
Ohhata et at relate this phenomena to a change in the carrier concentration [144]. 
5.1.5 Effect ofr.f Power 
The r.f power has a direct influence on the deposition rate and the induced voltage as well as 
generating heat due to the electron bombardment intrinsic to this technique. After 
experimenting with various r.f power for ITO deposition we have seen its marked influence 
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r.f. Power / W 
Figure 5.6: Sheet Resistance, Rsh, ofITO vs. r.f sputtering power. 
121 
Chapter 5: Indium Tin Oxide (ITO) - Experiment and Results 
During each deposition, at various powers, the plasma was 'tuned' to maximise the forward 
power and reduce the reflected power to zero. Our results from depositions using a oxygen 
partial pressure of 12 x 10-3 show that the sheet resistances of the ITO films are inversely 
proportional to the exponential of the r.f. power used as shown in Figure 5.6. Films grown at 
100W showed typical Rsh of about 70 knlO, at 150W this was 4kQfO while at 200W the 
Rsh was 40QfO. These results are in close agreement with those reported by Sreenivas et al 
[6] and Mansingh et at [140], who used very similar deposition techniques and conditions to 
those in this study. 
It should be noted that these values were obtained without any post-deposition annealing; 
after annealing in forming gas, Rsh < 10 QfO was achieved. On the other hand, very high r.f. 
powers of 500 W during deposition have been reported to generate sufficient intrinsic heating 
thus eliminating the need for further treatment usually carried out to obtained good quality 
ITO films [145]. In this study, however, films deposited at 200 W were difficult to etch; 
hence the r.f. power of 150 W was used for all subsequent work. Also, from a device 
application point of view, the use of excessive r.f. power is not suitable. 
5.1.6 Effect of Induced Voltage 
Figure 5.7 shows that the induced d.c. voltage on the substrate electrode is directly 
proportional to the r.f. power at a given pressure. The d.c. bias was independent of the 
oxygen partial pressure. 
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Figure 5.7: Induced d.c. bias on substrate electrode vs. r.f Sputtering Power at a total 
chamber pressure of 5 mtorr. 
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It was also observed that the induced d.c. bias changed if the plasma was de-tuned i.e. if the 
reflected power was non-zero. As all depositions were carried out in a tuned plasma, any 
dependence of ITO electrical properties on the induced d.c. bias would be the same as those 
seen for their dependence on the r.r power. 
5.1 .7 Effect of Deposition Rate 
Figure 5.8 shows that the deposition rate itself is directly proportional to the r.r sputtering 
power at a given chamber pressure and partial pressure of oxygen. Reduction in the oxygen 
flow rate or the oxygen partial pressure, P02, in the reactive plasma caused a proportional 
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Figure 5.8: ITO deposition rate vs. r.r sputtering power at a P02 of 14x103. 
Since the ITO deposition rate is directly proportional to the r.r power for a given set of 
conditions, any dependence of the film properties on the rate will be the same as those 
observed for their dependence on the r.r power for this system. 
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5.1.8 Effect of Target Pre-conditioning 
Pre-conditioning is a term used for attaining stability in the sputter chamber prior to ITO 
deposition on the substrate. This includes stabilising the chamber pressure, the plasma, the 
r.f forward and reflected power. Pre-conditioning has two distinct effects: 
1. It cleans the target surface of any debris and deposits a fine layer of ITO on the chamber 
walls thus preventing further contamination due to natural degassing from the surface. 
2. It stabilises the release or sputtering rates of species from the target and particularly so if 
the target is a composite as in the case ofITO targets. 
Without pre-conditioning, results were very difficult to reproduce between consecutive 
sputter depositions with nominally identical conditions. Both AI on its own as well as AI and 
02 mixtures were used as the plasma gas in turn without any pre-conditioning, but neither of 
these conditions produced satisfactory repeatability. 
We have studied the effect of pre-conditioning under varied or similar conditions to those 
used during the actual deposition; these include using different r.[ power and gas 
composition to those used in the respective depositions. In general, best results were 
obtained when the pre-conditioning parameters were the same as the deposition parameters. 
In all the cases the pre-conditioning period was 30 minutes whereas the deposition time was 
dictated by the specific needs of any particular experiment. 
5.1 .9 Effect of Film Thickness 
Our initial experiment with Ar as the only plasma gas during ITO deposition showed that the 
optical transmission was inversely proportional to the thickness and remained below 50%. 
However, for addition of 02 in the plasma gas above partial pressures of 7xlO-3, consistent 
transmissions above 90% were obtained in the 500 to 2000nm wavelength range regardless of 
the film thickness. 
Two sets of experiments showed a noticeable trend on the effect of thickness on the Rsh and 
p. In each set, ITO was deposited on two otherwise identical samples of S.l. GaAs; all 
preparation and deposition conditions were identical for each of the two samples except the 
deposition time, which was varied, resulting in two different thicknesses. The results and 
conditions are summarised in Table 5.2. 
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Sample P02 (xiO-3) Power [W]' TQic~ess [A] "" 0 "L~ Rsh [ill ] p (xlo·;3)[ncm] 
Al 7 70 820 ± 20 6344 ± 100 52.0 ± 0.8 
A2 7 70 1633 ± 110 1499 ± 60 24.5 ± 1.0 
Bl 14 200 3829 ± 45 664 ± 48 25.0 ± 1.8 
B2 14 200 5556 ± 169 341 ± 15 19.0 ± 0.8 
Table 5.2: Effect of thickness on electrical properties of ITO films deposited under 
otherwise identical conditions; the films were not annealed prior to these measurements. 
These results show that for a given set of deposition conditions, the thicker film has better 
electrical properties. These results are consistent with the findings of Sreenivas et at [6]. 
Studies involving very thick ITO layers (> 1O,000A) deposited on metal alloys by Just et at 
suggest that since the stress within the film is independent of its thickness. Hence a shear 
stress is developed between this film and the substrate ultimately resulting in the loss of 
adhesion between thick films and substrates. They also observe a decrease in this stress due 
to annealing and that the ITO film thickness does not have any effect on its refractive index 
[146]. 
5.1 .10 Effect of Target to Substrate Distance 
For a given set of deposition parameters for the sputtering technique, the energy distribution 
of sputtered neutrals reaching ·the substrate depends on the distance between the target and 
the substrate due to molecular collisions in the plasma. Depending on their initial energy, 
which is proportional to the r.f power and hence the self-induced bias, these particles travel a 
'thermalization distance' until its energy reduces to the thermal energy kT. Transport beyond 
this 'virtual source' point towards the substrate is by diffusion under the material 
concentration gradient. 
Experimental work carried out on a very similar system to that used here by Kumar et at 
show that the deposition rate is inversely proportional to the exponential of the distance 
between the virtual source and the substrate [147]. Thus the substrate position can be located 
either above or below this virtual source point by increasing or decreasing the distance 
between the target and the substrate. However, during the course of this investigation, this 
separation was fixed at a distance of 7.5 cm, slightly above the virtual source which varies 
between 3 and 6.5 cm for r.f power of 50 to 200 W respectively. Kumar et at reported that 
ITO films with improved transmittance and more uniform properties were obtained for 
substrates located below this virtual source. 
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5.1 .11 Effect of Substrate Temperature During Deposition 
In the Nordiko 1500 sputtering system used in this work, it is not possible to measure the in-
situ chamber temperature. However, reports in the literature from groups using an identical 
system suggests substrate temperatures rise to approximately between 60° C to 70° C during 
deposition due to intrinsic electron bombardment. 
5.2 Patterning ITO 
Patterning ITO is necessary not only for appraising the quality of the film (using TLM 
method for example) but also for fabricating useful micro-contacts to devices. As for metals 
and semiconductors, there are two potential methods of patterning ITO: 
• lift-off lithography 
• etch lithography 
5.2.1 ITO Patterning by Lift-off Litho·graphy 
Due to the high velocity particles involved in a reactive r.f sputtering system, the liftoff 
technique was not satisfactory. Both thin « 1 f.lm) and thick (> 3 f.lm) photoresists (PR) 
were used in the experiments for ITO deposition by liftoff technique; whereas the thin PR 
was not removable in acetone, by flood exposure under UV lamp or in heated KOH solution, 
the thicker PR was less difficult to remove. However, the walls of the thick PR were rigidly 
stuck to the substrate. Microscopic examination of the thin PR showed numerous cracks on 
its surface most probably caused by PR hardening and baking as a result of penetration of 
incident particles through its entire depth. In case of the thick PR, the side walls are most 
probably damaged by bombardment of high velocity plasma particles reflected from the 
deposited ITO as shown in Figure 5.9: 
Incident Particles 
o 0 0 
••• Hardened Wall 
Substrate 
Figure 5.9: Photoresist wall hardening by reflected plasma particles. 
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In another experiment, the substrate was patterned with PR as usual and placed on the 
Nordiko substrate table at a 45° degree angle to reduce damage to the PR. However, the PR 
was still difficult to remove while the ITO deposition rate dropped below satisfactory levels 
« 1 A/sec). 
Therefore, ITO patterning was carried out by etching methods only. These include wet 
chemical etching and ion milling or dry etching as presented in the following sub-sections. 
5.2.2 Wet Chemical Etching 
It was found that ITO readily etches in HF solution (HF:H20 2: 10H20) and HCI solutions of 
various strengths. 
(8NH3:3H202:400H20). 
However, ITO cannot be etched in ammonia solutions 
The etch rates in HF were very high (between 100A/sec to 
150A/sec) and often uncontrollable. Subsequently HCI solution was used for wet etching 
ITO in majority of the cases. 
% HCI content 
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Figure 5.10: Wet Chemical Etch Rate of ITO as a function of HCI concentration at room 
temperature and controlled humidity. 
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The undiluted etch solution contained 36% HCI corresponding to a molar solution. Figure 
5.10 shows the etch rate of ITO deposited on S.1. GaAs substrates as a function of HCI 
concentration in the etchant. These reactions were carried out in the cleanroom under 
controlled conditions where the temperature was kept below 20°C and the humidity below 
60%. Although not documented here, excess temperature and humidity resulted in increased 
etch rates. Therefore, to avoid undesirable results, the above ambient conditions were 
maintained for subsequent ITO etching. 
As mentioned earlier, the wet chemical etch process is highly dependent on a number of 
ambient conditions. In addition, we noticed that a certain amount of ITO - varying from 
0.5J.llD. to 1.5J..1.m was often etched away from underneath the photoresist. In severe cases, thin 
traces of the photoresist remained on the substrate. 
Figure 5.11 is a photo-micrograph of a TLM pattern chemically etched using HCI to produce 
ITO mesas on S.1. GaAs substrate. The mesas are 1 IOJ..l.m wide; the amount ofITO removed 
completely due to under etching was I.5J..1.m. This is an extreme example of lack of control of 
wet chemical etching technique. 
Figure 5.11: Photo Micrograph of an ITO mesa, etched using HCI solution. The figure 
shows characteristic coarse edges due to solvents creeping under the resist; blemishes and 
traces of thin photoresist can also be seen. 
For relatively large dimensions (> 100 J.llD.), wet chemical etching using the above solution 
was both adequate, repeatable and relatively easy to accomplish. During the course of this 
investigation, the most frequently used chemical for wet etching ITO, where deemed suitable, 
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was a IHC} : 1H20 solution corresponding to 18% HCI by content. The corresponding etch 
rate was 8 AJsec. 
5.2.3 Effect of Adding Zn Dust to HCI Solution 
The addition of zinc dust to the ITO surface is said to enhance wet chemical etching in HCI 
solutions. A GaAs sample with ITO was first left in a mixture of water and Zn powder. It 
was then dried by leaving it on a "blotting" surface (i .e. cleanroom wipe) which left fine 
granules of Zn powder on the sample surface. The sample was then immersed in the HCI 
solution. 
The ITO removal did not seem to be affected by the immersion in the Zn:H20 suspension; 
also the etch on the surface was non-uniform. The residue Zn was removed from the sample 
by placing it in a 3H20: 1HN03 bath. But this latter solution seemed to etch the GaAs 
substrate. Therefore, this method of ITO patterning was deemed to be unsuitable for 
controlled and uniform micro patterning of ITO as required in this project. 
5.2.4 Selective RIE ofITO in Argon Plasma 
The commonly used solution of HCI for ITO definition by wet chemical etching results in 
removals of approximately 0.5 J..l.m ofITO underneath the photoresist mask. Thus where near 
micron structures need to be reproduced, wet chemical etching techniques are often 
unsuitable. Although Cf41H2 mixtures can be used for reactive ion etching ofITO (148), this 
is a potentially explosive gas mixture which is unsuitable for use in environments without 
relatively expensive exhaust set-ups operating round the clock to remove any build-ups. Dry 
etching of ITO using a gas mixture of acetone, argon and oxygen - essentially a hydrocarbon 
etch with acetone being the source of reactive organic radicals in the plasma discharge - has 
also been reported (149). However, this technique needs cumbersome optimisation of the 
various constituent gas partial pressures to ensure that no carbon debris is left on the surface. 
Therefore we investigated the suitability of a number of gases for dry etching ITO: freon, 
oxygen and argon. Dry etching using Ar was found to be the most suitable in tenns of speed 
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Figure 5.12: ITO Etched Thickness in argon ambient versus time under various r.f. powers 
A 4300A ITO layer was deposited on a Si substrate by reactive r.f. sputtering, the sample was 
then patterned using standard photolithography process to enable thickness measurements to 
be carried out following dry etching. Thick photoresist (> 3 )lm) was used as the mask for 
these experiments which were performed at three suitable r.f. powers of lOOW, 150W, and 
200W. The dry etching chamber was pumped to pressures better than lxlO-4 torr; Ar was 
then flowed in at a constant rate to maintain a chamber pressure of 11 mtorr prior to exciting 
the plasma. 
The last point on the 150W power line in Figure 5.12 (corresponding to 40 minutes and 
6300A) was not used for the least square fit as the Si substrate was found to have been etched 
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Figure 5.13: ITO Etch Rate in Argon ambient vs. r.f. power ofRIE 
Figure 5.13 shows that the etch rate is non-linearly dependent on the r.f. power. Also pin-
holes were visible on substrates etched at higher powers. Both these effect suggest that the 
process produces substrate heating and that the process of ITO removal in an Argon plasma is 
that of a physical knocking of the ITO species rather than by a chemical reaction [150]. 
Based on these findings, the r.f. power of lOOW was decided to be the most controllable and 
suitable for further dry etching work. 
As even the thick photoresist was damaged during the RIE process and was therefore difficult 
to remove, an alternative material for the mask was necessary. A metal which has a 
sufficiently lower etch rate than ITO in the Ar plasma but nevertheless can be subsequently 
removed chemically in preference to ITO would be the ideal substitute. Aluminium was the 
preferred candidate on both counts. 
A resistively evaporated layer of Al was therefore used as a mask. ITO is selectively dry 
etched over Al in argon plasma. Figure 5.14 shows that while the ITO etch rate at lOOW r.f. 
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power and 11 mtorr pressure, is 35A/min, the corresponding figure for Al is only SA/min 
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Figure 5.14: Selective RIE ofITO over Al in argon plasma at a r.f. power of 100W 
Following dry etching, the Al is selectively removed by placing the sample in a super 
saturated luke warm solution ( ~ 30°C) of KOH for app. 2 minutes. A 1000A layer of Al 
was found to be adequate. Thicker layers of Al were difficult to remove chemically; 
although further heating the KOH solution accelerated AI removal, this also caused partial 
etching of the ITO. Hence, all subsequent dry etching of delicate ITO patterns were masked 
using lOooA of thermally evaporated AI. 
In comparison to the ITO dry etching techniques of Adesida et af [148] using Cf41H2 
mixtures, these etch rates are an order lower. This difference most likely arises from a 
variation in the etch mechanisms involved in the two cases: whereas the carbon in the 
methane/hydrogen mixture is said to react with the oxygen in ITO, there are no similar 
reactive species in the Ar plasma. Therefore, it is postulated that the etching of ITO in Ar 
plasma is essentially an ion milling process. 
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The etch rates obtained in this investigation for the RIE of ITO is, however, comparable to 
those reported by Saia et al [149]: 22A1min in C3H60/Ar/02 or 60Almin in hydrogen chloride 
gas. 
Figure 5.15 shows a photo micrograph of a TLM mesa pattern etched on a test ITO sample 
using the dry etching technique discussed thus far. In comparison with the results obtained 
for a similar test sample etched using HCI solution, these results show near perfect edges 
replicated from the mask. There is no apparent lateral etching or residue of debris on the 
substrate. 
Figure 5.15: Photo micrograph of an ITO mesa pattern, etched using RIE. The figure shows 
near perfect edges while the substrate appears remarkably clean. 
As discussed in Chapter 6, using this dry etching technique with Al as the mask, a 2J.lm FET 
gate structure was successfully produced in the fabrication of the first transparent gate 
HEMT. Therefore, this technique was used in all subsequent fabrication ITO structures 
below 50J.lm and proved to be a reliable and very convenient method for patterning delicate 
ITO structures. 
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5.3 Post Deposition Treatments 
The dependence of ITO film properties on a number of growth parameters for each 
deposition method has previously been discussed in the earlier section and Chapter 2. Film 
properties can also be modified by annealing in either oxidising or reducing atmospheres as 
well as vacuum or nitrogen ambients (151,l52,139]. 
Hence, it is necessary to exploit and develop the understanding of the effects of film structure 
and stoichiometry on electrical conductivity and optical transmission. Hence, the effects of 
annealing on the electrical and optical properties ofITO films were investigated. 
5.3.1 Effects of Heat Treatment on the Electrical Properties ofITO 
The two major types of ITO contacts used in this investigation are Schottky and ohmic. 
These contacts themselves have very different annealing conditions dictated by material and 
device processing factors and are thus discussed separately. As in section 5.1 , electrical 
measurements on the films were done using the TLM method. A schematic diagram of this 
set-up can be seen in Figure 5.2. ITO was the mesa in the TLM pattern and for metal 
contacts to the ITO, in the following cases the Ni/AuGelNi/Au metalisation system was used. 
5.3.1 .1 Schottky Annealing Scheme 
Because Schottky junctions diffuse at high temperatures resulting in lowered barrier heights 
and degraded performance, it is necessary to employ low but prolonged annealing schemes. 
In addition, sputter induced damage has to be recovered by the overall annealing procedures. 
Thus this scheme is dictated by the following factors: 
• integrity of the Schottky junction 
• adequate removal of sputter damage 
• adequate annealing of the ITO to improve electrical properties of the film 
Keeping the above in mind, the following temperature and times were used consecutively: 
(a) 5 hours at 240°C followed by (b) another 5 hours at 340°C. Similar schemes have also 
been used by other investigators [9]. The results are summarised in Table 5.3. 
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Before AnDealing After Annealing 
',\ 
r.f. P02 p [ncm] p [ncm1 
San)pie power [W] (x 10-3) Rsh [nlO] , (xlO-3) ~" Rsh [nlO] (xl 0-4) 
'."', 
.; ,', " ", 
SAB-GH 100 14 671.4 ± 98 17.9 ± 3 85.7 ± 1.4 22.8 ± 0.4 
SAB-5 150 11 978.2 ± 31 29.0 ± 1 50.6 ± 1.7 15.3 ± 0.5 
SAB-9 200 14 341.7 ± 15 19.0 ± 1 27.5 ± 1.0 15.3 ± 0.6 
Table 5.3: Effect of the Schottky annealing scheme on ITO films deposited under various 
conditions. 
The results shown in the above table are similar to those reported by Sreenivas et al [6] who 
have used a cracked ammonia and N 2 annealing ambient for ITO films deposited using a very 
similar set-up to ourselves. They report that following the anneal, the carrier concentration 
. d ~ 1018 -3 1020 -3 hil h b 'l" d ~ 2 -1-1 Increase lrom cm to cm wet e mo 1 lty Increase lrom 2 cm V s to 4 
cm
2V-1s-1 in N 2 and to 12 cm2V-1s-1 in cracked ammonia resulting in Rsh decreasing from 
104 nlD to 40 nJD and 11 nJD respectively. They attribute this significant reduction in the 
Rsh to the large increase in the mobility and further suggest that this may be associated with 
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Figure 5.16: Effect of the Schottky annealing scheme on the sheet resistance, Rsh, of various 
ITO films. 
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The Rsh and p from Table 5.3 have been plotted in Figure 5.16 and Figure 5.17 as a function 
of annealing time. It is noticed that the maximum change in Rsh and p occur within the first 
hour of annealing at 240°C and the curve becomes near linear indicating minimal change 
after subsequent annealing for a given temperature. There is little but noticeable further 
change following an increase in the anneal temperature to 340°C; the electrical properties of 
the film following additional anneal at this temperature also level off as before. 
All three films grown at different r.f. powers - thus having varying initial Rsh - show similar 
decreasing resistivity and sheet resistance as the annealing scheme progresses. The final 
value of sheet resistance, however, is very much dependent on the film growth parameters 
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Figure 5.17: Effect of the Schottky annealing scheme on the resistivity, p, of various ITO 
films. 
The change in the resistivity, p, of each of the three films with annealing as shown in Figure 
5.17, is very similar to the corresponding change in their sheet resistances. The final value 
for the p of (15 .3 ± 0.5) xl 0 -4 ncm for sample SAB-5 (grown at 150 W) is in good agreement 
with those reported in the literature. Table 5.4 compares the annealed results from this work 
with those in the literature. 
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0)' Deposition ~': Annealing .::. Rsh p 
Ref: I ..:' . , ' -4 
Ii Method Method [roO] [xlO Ocm] 





work reactive r.f sputtering H21N2 ambient, furnace oven 27.5 ± 1.0 15.3 ± 0.6 
6 reactive r.f sputtering cracked ammonia (and N2) 10.0 4.3 
8 r.f magnetron sputtering in-situ heating 5.5 4.0 
152 r.f sputtering RTA in H2 at 400°C, 30 sec. 415.0 8.3 
153 d.c. magnetron sputtering RTA in N2 at 950°C, 30 sec. - 2.5 
Table 5.4: A comparison of resistive properties of ITO film obtained using different 
deposition and annealing techniques by various investigators. 
5.3.1.2 Ohmic Annealing Scheme 
This scheme is less restrictive in terms of the temperatures that can be used because the aim 
is to form a diffused junction between the underlying highly doped semiconductor and the 
ITO film. A test ITO sample deposited at 150W (with film thickness = 2,683 ± 1I8A) was 
put through the same annealing scheme as those for producing ITO/semiconductor contacts; 
this scheme is described in section 6.2.1 in greater detail. A forming gas ambient (5% H2 + 
95% N2) with a flow rate of 10 sccm was used during the alloying experiment. Table 5.5 
shows the results. 
Stage Rsh [nJO] . p [Ocm] (xlO-4) 
o· 
" 
As deposited 791±83 210.0 ± 20.0 
After annealing 54.5±1.7 14.6 ± 0.4 
Table 5.5: Effects of the OhmIC annealmg scheme on ITO films. 
The above table suggests that the electrical properties improve by an order of magnitude 
following alloying in forming gas ambient under the afore mentioned conditions. 
5.3.2 Effects of Heat Treatment on the Optical Properties ofITO 
Figure 5.18 shows the effect of the ohmic annealing scheme on the transmittance of a typical 
ITO film. 
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Figure 5.18: Effect of the ohmic annealing scheme on the transmittance of a typical ITO 
film. 
It is seen from Figure 5.18 that there is a minimal change in transparency following the first 
annealing stage and no noticeable change thereafter. This change is a shift of the 
transmittance curve to the left: of the x-axis, i.e. towards shorter wavelengthlhigher energy. 
This shift is most likely due to the increased carrier concentration, N, (also giving rise to 
better electrical properties) which is known to cause an increase in the absorption edge of 
ITO [144]. 
5.3 .3 Conclusion 
Both the Schottky and the ohmic annealing experiment results show resistivity as low as 
14xlO-4 Ocm - similar to those reported in the literature. This suggests that there is minimal 
structural change to the ITO films following annealing used in this work. Other investigators 
have reported conflicting effects of heating on the transmittance of ITO: while Haines et at 
[152] suggest a decrease in transmission due to heating, Higuchi et at [9] and Sreenivas et at 
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[6] observe an increase. These conflicts are most likely due to their differing methods ofITO 
growth and post deposition treatments. 
5.4 Ohmic Contacts to ITO 
The application of Indium Tin Oxide in a solid state device, for example, requires a low 
resistance ohmic contact to the ITO which may itself be an ohmic contact or a Schottky 
contact. Ohmic contacts are defined as a metal-semiconductor contact with a linear or near 
linear current voltage characteristic; these have been discussed in greater detail in the 
following chapter. Direct gold wire bonding to thin ITO films giving a low resistance contact 
is not easily achieved without undue damage to either or both the underlying ITO and/or the 
device. Therefore, following the ITO deposition and appropriate pattern definition, the 
contact metal or the pad is usually thermally evaporated by means of liftoff lithography. 
Bonds can then be made to the ITO device with as much ease as for devices with 
conventional contacts. 
ITO Area 
= 16x9 J..Lm2 
Isolation 
Bottom 






Figure 5.19: Schematic scale diagram of the plan view of a high speed ITO/n-GaAs Schottky 
photo diode showing the importance of a good ohmic contact to the ITO active area 
(Diagram after Wang et at [71]). Any region outside the "isolation" rectangle was proton 
bombarded prior to device fabrication. 
Where typical contact areas in micro-electronic devices are less than a few 100J.lm2, it is very 
important for the contact resistance to be less than a few tens of ohms corresponding to 
specific contact resistance, Pc, of approximately 10-5 ncm2. A schematic scale diagram of 
the plan view of a high speed ITO/n-GaAs Schottky photo diode is shown in Figure 5.19; it 
shows the importance of a good ohmic contact in order to access the active region of the 
device which is formed by an ITO/n-GaAs Schottky contact. 
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Weijtens et at [IS4] have used TiW as barrier layers to obtain low resistive, ohmic contacts 
between ITO and Al or AlISi. They reported a value of l.SxlO-6 ncm2 for the Pc after 
annealing in 4N2: IH2 gas mixtures at 4S0°C or SOO°C. 
504.1 Metalisation Schemes Used 
Initial tests with Au deposited on bare ITO produced electrically good contacts but lacked 
mechanical strength and were unable to sustain the stress during gold wire bonding. Hence 
the suitability of three convenient metalisation systems for metallITO ohmic contacts were 
investigated. These are shown in Table S.6 . Their choice was dictated by a need to keep the 
metallITO contacts as close in composition to conventional metalln + - or metallp + -
semiconductor for overall processing compatibility and the ease of device fabrication. 
Layer SetA SetB SetC 
S - - Au (1000A) 
4 Au (lOOOA) - Ti (SOOA) 
3 Ni (loOA) - Ni (lOOA) 
2 AuGe (300A) Al(1s00A} AuGe(300A) 
1 Ni (SO A) Ni (soA) Ni (SO A) 
Table S.6: Details the ohmic contact schemes applied to ITO. 
The NiiAuGe/NiiAu metalisation scheme is the most widely used scheme in our laboratories 
for making conventional n-type ohmic contacts to a wide ranging substrate materials and 
devices. Therefore, ITO contacts can be made conveniently by placing the sample into the 
evaporation chamber in tandem with a wide variety of other devices requiring an n-type 
ohmic contact. The Nil Al system provides a cheap and easy way of making ohmic contacts 
to ITO layers. It is particularly useful when metals are deposited exclusively for making 
ohmic contacts to ITO devices as opposed to the usual case when a number of other devices 
are fabricated in tandem. Finally, the Ni/AuGe/NilTi/Au metalisation scheme was used in 
the fabrication of n-type ohmic contacts to transparent gate HEMT devices. This was chosen 
because unlike Set A, this scheme retains a smooth surface morphology following rapid 
thermal annealing (RTA). 
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5.4.2 Results and Conclusion 
Each of the contacts were annealed using the following conditions: 5 hours at 240°C 
followed by another 5 hours at 340°C in H21N2 ambient. · The TLM method was once again 
used to appraise these contacts. Recall that Rsh is the sheet resistance of the mesa (ITO in 
this case) while Rsk is the modified sheet resistance directly under the metal pads deposited 
on the ITO. The results are shown in Table 5.7. 
. Metalisation ~h (ITO) [OlD] it ~k [OlD] , Pc [xl0.4 Ocm2] 
SetA Unannealed 978.2 ± 31.1 41.7 ± 1.6 2.6 ± 0.3 
. Annealed 50.6 ± 1.7 0.98 ±0.06 , 0.28 ± 0.04 
SetB i. Unannealed 664.6 ± 48.0 7.4 ± 0.5 5.4 ± 0.4 
Annealed ! :~,~ 24~ ± 2.6 'if!' 1.4 ± 0.1 'il 0.8 ± 0'.1 t1~' " ,< i'i" ,'i,,"/ :f: ,~ ,n J 
SetC Unannealed 1273.2 ± 68.6 93 .3 ± 12.1 3.4 ± 0.4 
Annealed 76.0 ± 3.4 1'.8 £ 0.2 0.4 ± 0.02 
Table 5.7: Effect of annealing on the electrical properties of various ohmic contacts to ITO 
films (typically 2000A thick). 
Comparing the electrical properties of the three metalisation systems investigated, it is seen 
that all the unannealed characteristics of the contacts are very similar - Rsk and Pc in the 
region of 50QlO and 3xl0-4 Qcm2 respectively. This is in spite of the sheet resistances, Rsh, 
of the corresponding ITO material varying over a much greater range: 1273.2 QlO to 664.6 
Q/O. The Rsk after annealing for all three metalisations reduces by an order and lies 
approximately in the range 1 to 2 Q/D while Pc drops to the range 3 to 8 xlO-5 Qcm2. 
Hence it may be concluded that while the various metalisation schemes used here ultimately 
make no significant difference to electrical properties of the metallITO contacts, they all are 
all equally suitable for the purpose of further work in this investigation since excellent ohmic 
contacts to ITO have been realised. 
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6. Application of Transparent ITO Contacts 
6.1 Devices Based on the Schottky Contact 
6.1.1 Results on MetaUn-GaAs Schottky Diodes 
Given that the metal-semiconductor contact is one of the most widely used rectifying 
contacts in industry [23] and the technological importance of GaAs, a full understanding of 
the nature of the electrical characteristics of Schottky diodes in this system is of great 
interest. Therefore, prior to studying transparent Schottky contacts, a knowledge of 
conventional opaque contacts is necessary. In this section, a detailed study of near ideal Au 
and AUn-GaAs Schottky diodes is carried out both experimentally and theoretically by 
empirical modeling. The fabrication process was optimised to produce near ideal diodes 
with low leakage current and low series resistance. Following d.c. I-V characterisation, 
cryogenic measurements were done down to 140K and 80K for the Au and the Al/n-GaAs 
devices respectively in order to study the current transport mechanisms. 
6.l.l.1 Diode Fabrication 
The epitaxial layers were grown by Molecular Beam Epitaxy (MBE) on Si doped conductive 
+ + 
n -GaAs wafer (no. GB445). The layer structure was as follows: 400llm n -GaAs substrate 
18 -3 + 18 -3 doped to 3.7xlO cm ,l.25Ilm n -GaAs doped to 1.3xlO cm and a 1.751lm n-GaAs layer 
16 -3 doped to 1.4xlO cm . 
A schematic diagram of the metaUn-GaAs Schottky diodes are shown in Figure 6.1. The 
deposition and alloying of the ohmic contacts was carried out prior to the deposition of the 
Schottky metal in order to preserve the "abruptness" of these contacts which tend to diffuse 
at high temperatures and lose their rectifying capability. 
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Figure 6.1: A schematic diagram of metalln-GaAs Schottky diodes. 
Different sets of Schottky diodes were fabricated with both top and bottom n-type ohmic 
contacts. In case of the top contact devices, the wafer was fIrst mesa etched to the substrate 
layer with circular photoresist mask for the subsequent deposition of the Schottky metal at a 
later stage. The diameter of the mesa was 100J.lm. For the devices with bottom ohmic 
contacts, the mesa etching step could be carried out either before or after the ohmic 
metalisation was complete. The ohmic contacts were made to the n + -GaAs substrate layer by 
thermal evaporation ofNi(50A)/AuGe(300A)/Ni(100A)/Au(1000A) metalisation scheme and 
alloyed by RTA technique at 400°C for one minute. 
The samples were then thoroughly cleaned in acetone, methanol and D.1. water at 60°C for 10 
minutes in each solution. Following this step, 70J.lm diameter windows were defmed using 
1 J.lffi photoresist on the circular mesas to carry out metal deposition by the lift-off process. 
Immediately prior to loading the samples into the evaporation chamber, they were cleaned in 
10% HCI solution for 20 seconds to remove any native oxides. The chamber pressure was 
better than 1xlO-6 torr before the respective metals (AI or Au) were evaporated. It should be 
noted that during this Schottky metalisation, no "degassing" was carried out. The thickness 
of the Schottky metals were typically 1500A. 
Following fabrication, devices were scribed, packaged and bonded onto T05 transistor 
headers for characterisation and analysis. The T05 headers were placed in an Oxford 
Instruments Cryostat and the temperature was scanned from 140K to 360K; I-V 
characteristics were plotted using a HP4145B Semiconductor Parameter Analyser (SPA). 
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6.1.1.2 I-V Results 
I-V measurements were carried out to extract the barrier height, the modified Richardson 
constant and to analyse the current transport mechanisms. Figure 6.2 shows typical semi-
logarithmic plots of forward I-V characteristics for Auin-GaAs Schottky diodes. It is 
apparent that the linear parts of the characteristics are almost ideal within the measured 
temperature range. The temperature dependence of the series resistance, Rs, due to poor 
ohmic contact is also apparent. Indeed, other experimental data obtained with samples with 
improved ohmic contact showed that the temperature dependence of the ohmic contact can 
be removed completely. The ideality factor, deduced from the linear part of the curves, 
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Figure 6.2 : Measured I-V Characteristics of Auin-GaAs as a function of temperature. 
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Figure 6.2 also shows that the reverse current is independent of bias over the temperature 
range 300K to 360K. Their increase in magnitude with temperature can be attributed to the 
increase in the saturation values of the various temperature dependent current transport 
mechanisms. The linearity of the reverse currents versus bias suggests absence of parasitic 
effects such as high surface leakage currents. However, at temperatures below 300K (only 
280K and 260K are identifiable in Figure 6.2), the reverse current becomes increasingly non-
linear as a function of bias. This can be explained by an increase in the overall series 
resistance which continues to rise with falling temperature as confirmed by the high forward 
bias regions of the low temperature I-V plots; the reverse currents at these temperatures were 
below the 5xl0-14 A threshold of the SPA. 
Important information on the transport mechanism can also be obtained from the Arrhenius 
plot of In(IteIT2) versus liT. A typical Arrhenius plot for the Auin-GaAs Schottky diodes, as 
shown in Figure 6.3, was obtained by extrapolating the linear portions of the forward I-V 
curves in Figure 6.2 to zero bias and plotting these values as a function of liT. 
From Figure 6.3 it is seen that at high temperature, where the thermionic emission process is 
the dominating current transport mechanism, a linear fit can be achieved. The ideality factor 
in this range never deteriorates beyond 1.06. However, at lower temperature the 
experimental data is seen to be deviating from the linear region due to the presence of other 
parallel current transport routes. 
** From the y-axis intercept of the Arrhenius plot the modified Richardson constant, A ,for 
Auin-GaAs interface can be obtained. Similarly, the slope of the linear fit can be used to 
** obtained the barrier height ~bo. In this case, the values for ~bo and A were 0.84eV and 
6 -2 -2 . 12.5xlO Am K respectIvely. 
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Figure 6.3: Arrhenius plot of In(ItdT2) versus 103fT showing the temperature dependence of 
thermionic emission current in the Auin-GaAs Schottky diode. 
Table 6.1 compares the results of this work with those reported by Srivastava et at [155] and 




" M~terial "'''' [Am-2K:-2] , ' Deposition 'i I" n <Pbo reV] A Ref 




MBE (Si) grown, surface etched 
16 -3 
n-GaAs, 1.4xlO cm chemically 1.04 0.84 12.5xlO 6 This 
1. 75J.lm active layer work 
LPEgrown surface etched 
15 -3 
n-GaAs, lxlO cm chemically 1.02 0.92 (83 ± 24)x106 [155] 
2J.lm active layer 
MBE (Si) grown, 
15 -3 
n-GaAs,3xlO cm in-situ 1.03 0.85 16.0xlO 6 [156] 
2J.lm active layer 
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Table 6.1 : Electrical parameter comparisons of Auin-GaAs Schottky diodes deduced from I-
V measurements 
It is interesting to note that the results obtained in this work are close to those reported by 
Missous whose diodes were fabricated by in-situ deposition of the metal contact, i.e. without 
breaking the vacuum in the MBE chamber. This is inspite of the doping in this work being 
several times greater than that of Mis so us et at. 
6.1.1.3 Analysis and Modeling 
The most common approach in analysing Schottky behaviour in semiconductor diodes 
assumes pure thermionic emission of carriers over the barrier. In such cases the effect of the 
series resistance and all the other current transport mechanisms are accounted for by the 




IRs = the potential drop outside the Schottky junction due to series resistance Rs 
Iteo = the saturation current given by: 
I = AA**T2 exp(-q<p bo ) 
teo kT (eqn.6.2) 
A = the diode cross-sectional area 
** A = the modified Richardson constant 
<Pbo = the barrier height at zero applied bias. 
In using (eqn.6.1) and (eqn. 6.2) to determine the barrier height and the ideality factor 
erroneous results can be obtained when thermionic emission is no longer the dominant 
current transport mechanism. Several correction methods have been suggested [157,158,159] 
to improve data extraction. However, these have their own limitations and cannot be used to 
explain the experimental results fully, especially when the I-V plots cover a wide temperature 
range. 
In this work, an empirical method has been used to fit computer simulation to the 
experimental data. The influence of the various fitting parameters have thus been used to 
explain the dominance of the a particular mechanism within a given temperature and/or field 
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range. As well as the thennionic emission process, the influence of other parallel 
mechanisms have been accounted for individually thus eliminating the need for the "ideality 
factor" n. This approach has been used successfully to analyse the temperature dependence 
ofPtSi-Si Schottky diodes over a wide range by Donoval et al [22,160]. 
Most of the other current transport mechanisms were introduced in section 2.2 and include 
the generation-recombination current, 19r. For moderate to highly doped semiconductors, (ND 
~ 1016 cm-3) thennionic field emission becomes significant - particularly in GaAs where the 
effective mass of electrons is small [161,162]. Hence it is important to include the effect of 
electron tunneling through the potential barrier at energies above the bottom of the 
conduction band. This constitutes the tunneling current, ltn, and is valid for all except very 
low biases [21,24]. The relative importance of ltn with respect to lte, is detennined by the 
value of (EoJkT) as expressed in (eqn. 2.11). Eoo is known as the tunneling constant and is 
dictated by the inherent properties of the semiconductor material such as its pennitivity, 
doping concentration and effect mass of electrons as shown by (eqn. 2.12). There is also 
current contribution through leakage or parallel current paths which bypass the Schottky 
junction altogether. In the simulation, this is represented by a large resistance value, Rlk. 
All these mechanisms transport current in a parallel configuration where the effective 
resistance is dominated by the least resistive path. Hence, for example when the resistance 
offered by the various mechanisms mentioned earlier become comparable to Rlk, the current 
through the latter becomes significant. All these current transport mechanisms as well as the 
limits imposed upon them particularly at high currents by the series resistance, Rs, are 
accounted for in the model. The simulation assumes simultaneous contribution by all these 
components to the total diode current, ltot: 
(eqn.6.3) 
Thus it is not necessary to divide lte by the "ideality factor - n". Equations for these 
mechanisms account for both their bias and temperature dependence thereby displaying their 
dominance under particular combinations of these two parameters as discussed later. 
** Keeping this in mind, the extracted Richardson constant, A ,and the barrier height, ~bo, 
from (eqn. 6.2) are used to calculate the thennionic emission component of the total current. 
Similarly, for the generation-recombination current, an equation is fitted to represent its 
temperature dependence from a plot of In(Igr/T312) vs. liT as shown in Figure 6.4. The 
temperature dependence of the leakage, tunneling and resistive currents are extracted in a 
similar manner. 
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Figure 6.4 : Temperature dependence of generation-recombination current, Igr, for an Auln-
GaAs Schottky diode. 
The values ofRs and RJk increase abruptly at low temperatures. Donoval et al [22] have also 
reported similar observations and related this effect to the lack of free charge carriers as a 
result of imperfectly ionized impurities at low temperatures. 
Selecting appropriate values of Iteo, Igro, Itno, Eo and the resistances Rs and RJk is necessary for 
fitting the experimental I-V plots. The total current at any given bias is therefore obtained by 










S 10-8 < 
-
-s:: 10-9 0 I-t 
I-t 







Chapter 6: Application ofITO Contacts - Results and Discussion 
4e, Simulated 
Igr , Simulated 
Itn , Simulated 





Figure 6.5 : A typical fit of experimental data for a given temperature (300K) by the 
simulated results with contribution from each of the components; II = thermionic emission 
current, h = generation recombination current, h = tunneling current and 14 = leakage 
current. 
Using the summation of (eqn. 6.4), a typical fit of experimental data for a given temperature 
(300K) by the simulated results with contribution from each of the components is shown in 
Figure 6.5. At this temperature, the dominant mechanism is thermionic emission as indicated 
by curve II which overlaps most of the experimental results except a small part in the low 
bias region; at low biases, the leakage current, indicated by curve 14, plays a dominant role 
and is augmented by a very partial influence from the generation-recombination current, h. 
The tunneling current, l}, has little or no influence on the total current at this temperature. At 
high biases, the overall current is limited by the series resistance; although each of the 
components increase with bias, they have diminishing effect in comparison to the thermionic 
emission component and finally the series resistance. 
Figure 6.5 demonstrates suitability of this empirical curve fitting method in analysing the 
complex behaviour of a Schottky junction over a wide bias range. This principle is extended 
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by taking into account the temperature dependence of the saturation values of each of these 
currents in order to simulate the results over a wide temperature range. The experimentally 
deduced temperature dependence of Iteo and Igro are easily obtained from the respective 
slopes of the liT plots in Figure 6.3 and Figure 6.4. The tunneling parameter Eo IS 








Figure 6.6 : Experimental and simulated plots of forward current versus applied bias over a 
wide range of temperatures for a Au/n-GaAs Schottky diode; temperature difference 
between successive lines or set of points = 20K. 
The experimental and the simulated results are plotted together in Figure 6.6 for comparison. 
It is evident that good agreement is found over several decades of current at all temperatures. 
However, the simulated results are better matched to the experimental data at higher current. 
This is because Ite and Rs are the most exactly determined parameters. The leakage current 
represented by Rlk is largely influential at lower biases while the thermionic emission current 
dominates in the resulting relationships at higher biases. However, in the regions where 
neither of the above mechanisms are highly influential, finding acceptable values of Igr and 
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Figure 6.7: Contribution of generation-recombination current component at higher 
temperatures high-lighted by simulated results with Igr set to zero. 
It was shown earlier that using (eqn. 6.4) it is easy to separate the influence of individual 
current transport mechanisms. In order to illustrate the effect of generation-recombination 
current at moderately low temperatures and low biases, the measured data at 260K was 
simulated with and without the contribution of this component. The three sets of data are 
plotted on the same graph in Figure 6.7. The dotted curve, representing simulation with Igr = 
0, is consistently below that of the solid curve, the total simulated current, up to a bias of 
0.3V; above this bias, the thermionic emission current overshadows other components. At 
this temperature, the effect of tunneling was still significantly low to have any influence on 
the total current. Thus, it is seen that with decreasing temperature, the influence of the other 
parallel mehanisms begin to take effect rather than a modification to either the junction 
barrier height or the ideality factor as sometimes cited in the literature [163,164]; in this 
model, the barrier height used throughout was 0.84eV which was extracted from the slope of 
the Arrhenius plot in Figure 6.3 . 
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The influence of the generation-recombination current was noticeable under low bias regions 
over the temperature range 280K to 200K. Below this temperature, it is overshadowed by the 
leakage current at low bias, tunneling component at mid-range current values and by 
thermionic emission component at high bias region. Further analysis at lower temperature 
was used to isolate the effect of the tunneling current as shown in Figure 6.8. Again it is 
noticed that setting the tunneling current component, Itn = 0, results in significant 

























Figure 6.8: Contribution of tunneling current component at low temperatures and high bias 
high lighted by simulated results with Itn set to zero. 
It should be noted that accurate extraction of generation-recombination current becomes 
acutely more difficult as the measured data begins to approach the limit of the SPA; this is 
seen in the low bias regions of the low temperature I-V plots, including Figure 6.8. 
Therefore, it is important to keep these limitations in mind in the modeling and interpretation 
of the results. 
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6.1 .1.4 AVn-GaAs Schottky Diodes 
The fabrication and the temperature measurement of these devices have already been 
described in earlier sections. Figure 6.9 shows the measured I-V plots of these devices over 
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Figure 6.9: Measured I-V Characteristics of AVn-GaAs as a function of temperature. 
The linear parts of the characteristics of these Al/n-GaAs diodes are almost ideal within the 
measured temperature range as in the case of the Au/n-GaAs diodes. The ideality factor, 
deduced from the linear part of the curves, which exceeds 8 decades in current at 260K, was 
approximately 1.08. 
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Similar analysis to the Au!n-GaAs was done to these devices using the empirical curve fitting 
model to study the I-V plots over a wide bias and temperature range. The values of Q>bo and 
** A were extracted and are compared to those reported in the literature in Table 6.2: 
MBE (Si) grown, 
16 -3 
n-GaAs, 1.4xl0 cm surface etched 1.08 0.77 This work 
1.75 
16 -3 
n-GaAs, 1.2xlO cm surface etched 1.03 0.76 [155] 
Table 6.2: Electrical parameter comparisons of Al/n-GaAs Schottky diodes deduced from I-V 
measurements 
6.1.1.5 Conclusion 
The electrical behaviour of near ideal Au!n-GaAs Schottky diodes has been simulated over a 
wide range of currents and temperatures using a empirical curve fitting model in order to 
understand the behaviour and the influence of the various current components of these 
devices. The experimental data on the thermionic emission current yields a barrier height, 
. ** 6 -2-2 Q>bo, ofO.84eV and a RIchardson constant, A , of 12.5xlO Am K . 
Similarly, study of the Al/n-GaAs Schottky diodes, in particular the data on the thermionic 
** emission current yields a barrier height, Q>bo, of 0.77eV and a Richardson constant, A , of 
16xl04 Am-2K-2. Both these sets of values are in good agreement with those reported in the 
literature for Au! and AlIn-GaAs Schottky diodes respectively. 
6.1 .2 Fabrication and Process Optimisation for ITO/n-GaAs Schottky Diodes 
The general photo detection mechanisms in a Schottky diode were discussed in section 2.5. 
It is known that this structure is suited for high speed applications [71]. An inherent 
disadvantage of these devices, however, is their high series resistance and low optical 
sensitivities arising from the semi-transparent metal layer. Using a practically transparent 
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and highly conductive layer of Indium Tin Oxide (ITO) to form the metal/semiconductor 
junction solves both these problems [73]. Figure 6.10 shows a structural diagram for a photo 
diode with transparent ITO Schottky contact. 
In this section the optimisation of the fabrication technique to produce high quality ITO/n-
GaAs Schottky diodes is described. It is necessary to modify a number of processing steps 
used in the fabrication of conventional Schottky diodes. In the following sections, the 
influence of the critical fabrication steps and their evolution resulting in ideal ITO photo 
diodes with low reverse dark and leakage currents, low resistance, low ideality factor (close 
to unity) and high barrier height is discussed. 
6.1.2.1 The Effect of Mesa Etch and Post Deposition Annealing 
Initially, majority of the ITO diodes were fabricated on a MBE grown conductive GaAs 
wafer (no. GB85), which had a very similar layer structure to the wafer (no. GB445) used for 
the metalin-GaAs Schottky diodes. The layer structure was as follows: 400J..lm n+-GaAs 
18 -3 + d 18 -3 
substrate doped to 2xlO cm , 1.25J..lm n -GaAs oped to 1.3xlO cm followed by a 
16 -3 1.75J..lm n-GaAs layer doped to 5xlO cm . 
A Nil AuGelNil Au ohmic metalisation system was used to make a back contact to the 
substrate; this contact was then alloyed at 400°C using RTA. This was followed by the usual 
cleaning steps in organic chemicals and D.I. water. Prior to depositing the Schottky layer, the 
samples were pre-etched in 10% HCI solution for 35 seconds. ITO was then deposited on the 
top surface of the wafer by r.f. sputtering. The sputtering conditions were as follows: 
• Forward r.f. power = lOOW 
• Duration = 30 minutes 
• Ambient = 90%Ar + 10%02 by gas flow rate. 
The ITO thickness measured was = (2267 ± 47)A corresponding to a deposition rate of (75 ± 
1.6) Alsec. During these initial experiments, the target was not preconditioned. Following 
ITO deposition, the layer was patterned with a 180J..lm diameter circular mesa mask for 
device definition; unwanted ITO was removed by chemical etching in 10% HCI solution for 
20 minutes until there was no visible trace. Circular metal pads consisting of Ni/AuGelNi/Au 
and 70J..lm in diameter, were then deposited on the ITO diodes to minimise contact resistance 
during probing. No mesa etching of the underlying semiconductor was carried out at this 
stage. These devices were non-ideal, leaky and resistive as shown in Table 6.3. Furthermore, 
it was also noticed that if one characterised the diode by probing the ITO directly, the series 
resistance appeared to be 1.5 kD. 
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,', 
Parameter " Value 
" 
,:", I-
Ideality factor, n 2.8 
Barrier height, ~bo 0.51eV 
Dark current, Idark ( at -3V) 11JlA 
Series resistance, Rs 3000 
Table 6.3: Results of early ITO/n-GaAs Schottky photo diodes (on wafer no. GB85) 
These devices were then etched using the same mask in a IHF: 1H202: 10H20 solution for 2 
minutes (~ 0.6!J,m) followed by annealing in a forming gas ambient (10% H2 + 90% N2) at 
320°C for half an hour. The dark current following the etch and annealing reduced to 0.6JlA 
and 20.7 nA respectively. At each stage, the photo current, Iph, of the devices were also 
measured. The total reverse current, Ir , is given by: 
(eqn. 6.5) 
As a result of these processing steps progressively flatter reverse I-V characteristics were 
produced as summarised in Table 6.4: 
I '" ~ , S~ge > ;'i ,'i\ Iph LIark (at -3V) 
, 
!< , 
As fabricated 111lA 50 !J,A 
After mesa etching to remove ~ 0.6 Jlm 0.6!J,A 3!J,A 
After annealing in forming gas at 320°C for 30 mins 20.7 nA 0.5 JlA 
Table 6.4 : Comparison of dark and photo current for ITO/n-GaAs diodes (on wafer GB85) as 
a function of post fabrication etching and annealing in forming gas ambient. 
From these results, it is apparent that the dark current reduces due to mesa etching. This is 
because any residual ITO outside the device area is removed and it is also more difficult for 
carriers to flow down the edges of the mesa. The removal of residual ITO from the surface 
by the mesa etching process means that the effective diode area is no longer as big as the 
wafer size but is now limited by the mask dimension i. e. 180 !J,m diameter; therefore, the 
photo current, Iph is reduced accordingly. 
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Since annealing does not produce any significant changes in the transparency of the ITO film 
(see section 5.2.), the further reduction in Iph has to be attributed to the reduction in other 
factors which include sputter induced defect leakage current. Mullins et al reported that 
sputtering causes surface damage and creates traps, the density of which decays exponentially 
with distance from the semiconductor surface, leading to a lowered Schottky barrier height 
[165]; the same effect is evident in case of these results. Annealing has the effect of 
removing a lot of these defects [166,167] and thus the dark current is further reduced. 
6.1.2.2 Effect of r.f. Power and ITO Film Thickness 
Following on from the previous set of ITO/n-GaAs diodes, subsequent fabrications involved 
mesa etching to the n + GaAs layer. In addition, the effect of pre-conditioning the ITO target 
and varying the r.f. power during sputtering on the Schottky junction was studied. For this 
part of the work, the same wafer (no. GB445) as those used for the metalln-GaAs diodes was 
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Figure 6.10: Schematic diagram of an optimised ITO/n-GaAs Schottky photo diode (on 
wafer GB445) 
After usual chemical cleaning, pre-etching in 10% Hel for 25 minutes and ITO target pre-
conditioning in Ar + 10% 02 plasma at 100W for 20 minutes, ITO was sputter deposited on 
the top surface of the wafer at a r. f. power of 70W for 30 minutes. The ITO thickness 
measured was = (810 ± IO)A corresponding to a deposition rate of (27 ± O.3)Alsec. A 
circular mask of 100 J-Ull diameter was used to etch ~ 2.35 !--Lm (in IHF:IH202:IOH20 for 7 
minutes) and reach to the n + - GaAs layer and defme individual Schottky diodes; this solution 
etches both ITO and GaAs. A 70 J-Ull and 180 !--Lm liftoff mask was used to simultaneously 
158 
Chapter 6: Application ofITO Contacts - Results and Discussion 
deposit n-type ohmic contact (Ni/AuGe/Ni/Au) to the ITO and the n +-GaAs layers. The 
ohmic contacts were not alloyed at any stage. 
The devices formed were near ideal (n = 1.08), with high barrier heights (0.85 eV) and low 
dark currents « 5 nA) but these devices showed very high series resistance (~ 1.5 kn). 
These diodes were subsequently divided into two groups: Gland G2~ G 1 was annealed in 
forming gas, N21H2, at 325°e a total half an hour in 10 minute steps while G2 was annealed 
using RTA at 2000 e for 30 seconds followed by another 30 seconds at 300oe. The results of 
these treatments are summarised in Table 6.5 and Table 6.6 respectively: 





, 10 mins 20 mins 30 mins 
,~] )'l, , ,~; 
n 1.08 ± 0.01 1.09 ± 0.09 1.59 ± 0.41 2.3 ± 0.2 
$bo (eV) 0.85 ± 0.01 0.81 ± 0.04 0.65 ± 0.11 0.46 ± 0.05 
Idark at -1.5V (A) 4.8 x 10-9 54.6 X 10-9 0.7 X 10-6 9.2 X 10-6 
Rs(n) 1.5 x 103 895 538 426 
Table 6.5 : Effect of annealing ITO/n-GaAs photo diodes in forming gas (G1) 
Parameter As'fabricated . ~ 30 sec(;mds ofRTA in N2 at 
" !c' <,~, "". " 
',. 2000 e ~ followed by 3000 e 
'0 Ii> 
n ,"' '"', 7 : i;': ' , 
." 
n 1.08 ± 0.01 1.24 ± 0.2 1.5 ± 0.08 
$bo (eV) 0.85 ± 0.01 0.83 ± 0.08 0.71±0.1 
Idark at -1.5V (A) 4.8 x 10-9 37.4 X 10-9 0.8 X 10-6 
Rs (n) 1.5 x 103 773 648 
Table 6.6: Effect of annealing ITO/n-GaAs photo diodes in N2 using RTA (G2) 
These results suggest that careful removal of unwanted ITO and mesa etching helps minimise 
leakage and dark currents. The high series resistance can be attributed to the combination of 
high resistivity of the ITO and the unalloyed ohmic contacts. However, the main contributor 
to this problem is the former factor. This can be justified not only by the data on ITO 
conductivity dependence on deposition power but also by the fact that a few devices which 
only had a top ohmic contact (ITO was removed during processing and prior to top metal 
deposition) showed a series resistance of only a few ohms. As expected, these devices 
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without ITO showed minimal response to light. Since all devices have metal on the ITO, the 
cause of the high series resistance cannot be attributed to any spreading resistance from the 
probes. Further discussion is presented later in section 6.1.2.4. 
These diodes were used for photo response measurements using a solid state laser of 630nm 
beam. The responsivity was found to be O.4AJW corresponding to an external quantum 
efficiency of 70%. 
In order to investigate the effect of r.f. power, another set of devices (G3) were fabricated on 
the same wafer as previous set except the r.f. power was increased to 100W. Also, the back 
of the wafer was first coated with the ohmic contact (Ni/AuGelNi/Au) which was alloyed 
using RTA at 400°C for 45 seconds. Following usual preparation steps, ITO was sputter 
deposited on the top surface of the wafer at a r. f. power of lOOW for 20 minutes; the 
thickness of the ITO layer was 1600A. A circular mask of 220 /-lm diameter was used to 
mesa etch to the n + -GaAs layer and define individual Schottky diodes; the actual diameter of 
the ITO pattern was found to be 180/-lm - this was probably caused by under etching by the 
IHF:1H202:lOH20 solution. A 70/-lm liftoff mask was then used to deposit a metal contact 
(Ni/AuGelNi/Au) to the ITO layer. No further annealing was carried out. 
The ideality factor of these G3 devices was 1.09, the barrier height and dark current was 
0.65eV and 50nA respectively. However, in comparison to Gl and G2, the (as fabricated) 
series resistance had dropped considerably to 200n. From these results it can be concluded 
that the Rs has been improved by a number of factors: annealing the ohmic contact prior to 
ITO deposition, by sputtering at a higher power and depositing a thicker layer of ITO. The 
last two factors were found to improve the sheet resistance of ITO as discussed in Chapter 5. 
The comparatively larger dark current is due to the relatively larger area of the G3 devices. 
6.1.2.3 Diodes Fabricated at 150W r.f. Power Followed by Gradual Annealing 
Given the knowledge of lowered ITO resistivity for a r. f. sputtering power of l50W and 
benefit of hindsight, a final set of ITO/n-GaAs diodes were fabricated on wafer no. GB445. 
In addition a very thin layer of indium metal was deposited on the GaAs mesa prior to ITO 
deposition to study its influence on the ohmic contact, on some of the diodes. The processing 
processing sequence was as follows: 
1. Mesa etching using 100 /-lm diameter circular mask to the conductive layer in order to 
define the diodes and deposit ohmic contact. 
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2. Ni/AuGe/Ni/Au ohmic contacts were deposited and annealed using RTA at 400°C for 45 
seconds. 
3. Prior to ITO deposition this wafer was divided into two parts: Sample A was deposited 
with a 70J..lm diameter circular dot of 100A thick thermally evaporated layer of indium on 
the mesa; Sample B was not altered. 
4. Following pre-conditioning under identical conditions, ITO was sputtered at a r. f. power 
of 150W in a Ar + 10%02 plasma for 30 minutes; both samples was left in chamber 
overnight to allow the system to settle before removing the samples. The measured 
thickness of the ITO was 1500A. 
5. 100J..lm diameter circular dots of ITO, aligned with the mesa, were etched using 
1HCI:1H20; finally NiiAuGe/NiiAu (70J..lm diameter) was deposited on this ITO layer for 
probing and bonding. 
Individual devices were scribed and mounted on T05 transistor headers in order to carry out 
accurate optical measurements that required precision alignment. Three devices from each 
set were characterised in detail. I-V and C-V measurements were carried out in the dark 
using the SPA and a HP4284A LCR meter. The optical measurements were carried out using 
a 780nm variable power solid state laser diode using the jig described in section 4.5 . The 
voltage ranges for each of these measurements were -2 to 2V for I-V; 0 to -4V for C-V; and-
4 to 0.5V for the optical measurements. The results obtained are summarised in Table 6.7: 
" 
'':-'', Sample A , ", SampleB ,) 
!'i Parameter " 
" df (ITOlInln-GaAs) (ITO/n-GaAs) !>f,X' ~~\"-':;; 
""', it: ~ " '!4 
Ideality factor, n 1.14±0.03 1.9 ± 0.01 
Barrier height, ~bo (e V) 0.59 ± 0.01 0.58 ± 0.01 
Ictark at -2.0V (nA) 50.6 ± 22.2 98.5 ± 2.24 
Series resistance, Rs (n) 25.8 ±3.4 1273.3 ± 219.4 
Responsivity, R, at /.., = 780nm, -2V; (A/W) 0.57 ± 0.04 0.29 ± 0.01 
External quantum efficiency, 11 (%) 91.5 ± 8.5 46.4 ± 1.1 
Table 6.7: Summary of some diode performance characteristics prior to any post fabrication 
annealing; measured ITO thickness was 1500k 
From Table 6.7 it is seen that the most remarkable difference between the I-V parameters of 
two sets of devices as a result of the thin film of In between the ITO and the n-GaAs layer are 
their series resistances. This reduction in Rs could be due to two possible reasons: 
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• a direct result of forming a highly doped n-GaAs region immediately below the indium 
surface 
• or an indirect effect of selective surface damage whereby the n-GaAs layer is relatively 
shielded from electron bombardment during sputter deposition oflTO 
These samples were then annealed in a forming gas ambient at 240°C for five hours followed 
by another five hours at 340°C to study the effect of gradual annealing. These results will 
now be explained by correlating the I-V, C-V and the optical measurements on the two sets 
of devices. 
6.1.2.3.1 ITOlInin-GaAs Schottky Photodiodes - Sample A 
Figure 6.11 shows a semi-logarithmic I-V plot of the devices on Sample A before annealing 
and at subsequent stages of this post fabrication treatment. It is seen that under forward bias, 
the linearity of the I-V curves extend over several decades for each of the device annealing 
treatments. Following the first set of annealing at 240°C for 5 hours, the overall forward 
current increases significantly and after annealing for a further 5 hours at a higher 
temperature of 340°C, it falls below its original value. The effect of the annealing on the 
corresponding reverse currents, however, is a steady decrease in magnitude; the reverse 
current drops by approximately a decade at each of these annealing steps. This drop is very 
similar to those noticed in the earlier experiments and can be attributed to annealing which 
removes a great deal of the defects induced by r. f sputtering. Similar improvements were 
also reported by Devlin et at for Au-Mo/n-GaAs Schottky contacts although the annealing 
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As fabricated 
Annealed at 240°C for 5 hrs. 




Figure 6.11 : Semi-logarithmic I-V characteristics for (Sample A) ITOlInin-GaAs Schottky 
diodes measured in the as fabricated and at subsequent annealing stages 
The various I-V parameters for these sets of devices are summarised in Table 6.8 for further 
discussion: 
n 1.14±0.03 1.22 ± 0.02 1.16 ± 0.03 
Q>bo (eV) 0.59 ± 0.01 0.65 ± 0.06 0.76 ± 0.01 
25.8 ±3.4 15.8 ± 0.4 24.1 ± 1.3 
Idark at -2V (nA) 50.6 ± 22.2 3.53 ± 0.31 0.72 ± 0.1 
Table 6.8: Effect of annealing on I-V parameters for ITO/Inin-GaAs Schottky photo diodes 
(Sample A). 
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After the first stage of annealing, the maximum forward current increases despite a decrease 
in the leakage current while the observed barrier height remains unchanged. There are two 
distinct regions in the forward current: 
• Under low bias, where surface leakage current dominates, there is in fact a decrease in the 
current as a result of annealing and this can be attributed to the corresponding reduction 
observed in the reverse surface leakage. 
• In the high bias Rs dominated region, there is an increase in forward current, If, which can 
be attributed to the reduction in the series resistance by approximately IOn as shown in 
Table 6.8. Simple calculation (similar to that in section 6.2.2) using the measured sheet 
resistance of the ITO film as a function of annealing (see section 5.3) shows that Rs due to 
the resistivity of the ITO film alone is initially below In and drops to a fraction of a mn 
following annealing. Hence, changes alone in the ITO film cannot be responsible for a 
IOn drop in resistance. This decrease in Rs is most likely due to the formation of a highly 
conductive InGaAs layer resulting from an inter-mixing of In and GaAs at the ITOlInJn-
GaAs interface; indium alloyed to n-GaAs forms a graded InGaAs heterojunction giving 
rise to ohmic behaviour [169]. 
• The sputter damaged n-GaAs layer possibly enhances the inter-mixing of In and GaAs. 
Shannon et al reported that sputtering induced damage manifests itself in a donor like 
bahaviour resulting in an increased surface doping in Ni/Si contacts [170] while Luo et al 
have reported complementary findings for ITO/p-InP junctions [171]. This would also 
account for the observed increase in the ideality factor and lowered ~bo. 
The observed increase in the ideality factor also tends to suggest an increase in other current 
transport mechanisms. At room temperature, the only other mechanism competing with 
thermionic emission is generation-recombination current, Igr, which is n? dependent, as 
shown in section 6.1.1 . The formation of an InGaAs interface would also be expected to be 
accompanied with an increase in Igr as it has a lower bandgap than GaAs. Hence, most of our 
observations tend to suggest the formation of an intermediate ITOllnGaAs/n-GaAs interface. 
Following the second annealing stage, at a higher temperature, in addition to a reduction in 
the reverse (surface) leakage current, there is an increase in Rs and ~bo while the ideality 
factor and If decrease. The further reduction in surface leakage causes the low bias If to be 
further reduced; the increase in Rs, approximately back to its original value, results in an 
corresponding reduction in maximum If. The restoration of the Rs suggests the degradation 
of the highly conductive InGaAs layer from the interface; it is possible that a significant 
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portion of the original indium atoms have migrated deeper into the GaAs layer as a result of 
further annealing at the higher temperature. As will be shown by the C-V and optical results, 
the effect of sputter damage is significantly restored by the second annealing. Therefore, the 
barrier height increases to O.76eV, a typical value for undamaged metalln-GaAs Schottky 
junctions [155]. Thus the significant reduction in If and its shift to the right on the voltage 
axis of Figure 6.11 (between the original and the final plots) after the second annealing can 
be explained in terms of an increase in ~bo from O.6eV to O.76eV; in addition, the surface 
leakage current drops by approximately two decades 
Figure 6.12 shows the corresponding C-V measurements for these ITOlInln-GaAs Schottky 
diodes at various stages. It is seen that there is an unexpected decrease in the capacitance 
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Figure 6.12: Capacitance-Voltage Characteristics for (Sample A) ITO/Inin-GaAs Schottky 
Diodes as fabricated and at various stages of annealing 
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In order to interpret this data usefully, the capacitance profile was simulated for an ideal 
diode with the same dimension and epitaxial doping profile. The effects of Rs and reduction 
in doping density, ND, as a result of sputter damage were considered in the model. These are 
plotted in Figure 6.13 and Figure 6.14 respectively: 
3.0 R = on 
ND= 1.4x10
16 cm-3 
- - - - R= IOn ~ 
~ 
8 - - - - R = lOon 
U 2.5 R = l.Kn - - - -
(j)~ 
Q R = 10Kn a 
-
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Figure 6.13: Simulation showing the effect ofRs on apparent capacitance, C' 
An apparent reduction in the capacitance due to the presence of a high series resistance is a 
well known p~enomenon in C-V profiling [172,173,174]. In the simulation, the apparent 
capacitance, C , is given by: 
where, 
C = actual capacitance 
co = angular frequency in radians/second 
Rs = series resistance 
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In the experimental and theoretical treatment of this investigation, the frequency of the a.c. 
test signal was 1 MHz. The actual capacitance was calculated from the measured diode area 
and the specified doping concentration. The series resistance value was varied over the range 
o to 100lCQ. 
It is seen from Figure 6.13 that a series resistance below lOKQ has no significant effect on a 
diode of this specification. The I-V measurements do not show the presence of such high 
series resistance. Therefore, the effect ofRs alone cannot be used to explain our results. 
3 
Measured Results Doping in cm-3 
- - -
As fabricated (simulated results) 
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Annealed at 240°C, 5 hrs 1.4xlOI6 
Further Annealed at 340°C, 5 hrs 1.0xlO16 
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Figure 6.14: Simulation showing the effect of doping on capacitance; the measured results 
are superimposed for comparison 
Figure 6.14 shows the simultaneous plots of measured and simulated C-V profiles for the 
diodes under test. From the experimental C-V data it is seen that as the reverse bias is 
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increased, thus "probing" further into the semiconductor layer, the doping density decreases. 
This is possibly due to the high velocity sputtered electrons slowing down through collision 
as they penetrate deeper into the GaAs layer; the impact of slower electrons deeper into the 
surface causes greater lattice damage and creates traps which remove free carriers. These 
observations are reflected in the doping profile of the diodes in Figure 6.15. The doping 
profile of a conventional Al/n-GaAs Schottky diode, fabricated on the same wafer by thermal 






Annealed at 240°C for 5 hrs. 
Further annealed at 340°C for 5 hrs. 
0.4 0.8 1.2 
Depletion Width (~m) 
1.6 
Figure 6.15: Doping profile extracted from C-V measurements for (Sample A) ITO/Inln-
GaAs Schottky Diodes as fabricated and at various stages of annealing. The profile of a 
conventional AlIn-GaAs diode fabricated on the same wafer is shown for comparison. 
From the shape of the above semi-logarithmic plot, it is seen that the sputter induced traps 
cause the doping profile to significantly deviate from the expected straight line (as seen for 
the AlIn-GaAs diode). Figure 6.15 shows that annealing at 240°C for 5 hours results in a 
small reduction in the overall doping profile and a corresponding increase in the depletion 
width. It is possible that heating at this temperature causes the sputter induced defects, which 
are complex to begin with, to dissociate thereby producing more active point defects. These 
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point defects are responsible for carrier removal from the bulk giving rise to the observed 
reduction in the doping profile. The final anneal at 340°C for another 5 hours gradually 
restores the ND at the vicinity of the surface nearly back to nominal value of l.4xI0 16cm-3 for 
this wafer; this assumption is supported by the increase in the barrier height observed in the I-
V measurements following this annealing stage. 
Figure 6.16 shows the plot of photo current, Iph, as a function of reverse voltage for the 
ITO/Inln-GaAs Schottky diodes at various stages. It is seen that as the optical power is 
increased in steps of 0.15mW, there is a corresponding increase in the photo current for all 
three plots; these correspond to a responsitivity, R, of 0.61 AIW. Following the first and 
second annealing stages the responsivity drops to 0.56AIW and 0.51AIW (11 = 80%) 
respectively. This is most likely due to the suppression of the photo-generated surface 
leakage current as a result of annealing as observed in the I-V plots; although it is unlikely 
that the actual photo-generation at the surface decreases, the amount which is able to "leak" 
to a tenninal, and therefore contribute to the total Iplb is reduced. A related effect is that after 
each annealing stage the Iph curves become successively bias independent and approaches the 
ideal case. 
In addition, the photo current plots show relatively low responsivity above a certain bias 
point. This region diminishes and as a result of the first annealing and completely disappears 
following the annealing step at 340°C. This observation further strengthens the earlier 
assumption of a "damaged" interface layer between the ITO film and the bulk of the GaAs 
epitaxial layer. At low bias, the edge of the depletion region falls within this damaged 
interface. Shannon et at have suggested the fonnation of a shallow highly doped surface 
layer as a result of sputtering [170] which can be used for explaining this observation. The 
highly doped layer near the ITO/Inin-GaAs interface is hard to deplete for low biases 
resulting in a proportional decrease in the collection of carriers which have to travel through 
this region either by drift or by diffusion. The induced traps may also act as recombination 
centres and reduce the responsivity. However, once the depletion region extends beyond this 
highly doped layer, it expands significantly (since doping is reduced) resulting a large 
increase in the absorption volume. This is reflected in the sudden increase in responsivity 
beyond a given bias as seen in Figure 6.16. As the sputter induced damage effect is gradually 
removed by annealing, an observation corroborated by the C-V profiles, there is no abrupt 
change in responsivity with bias and an "ideal" photo current is obtained. 
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6.1.2.3.2 ITO/n-GaAs Schottky Photodiodes - Sample B 
Figure 6.17 shows a semi-logarithmic I-V plot of the devices on Sample B (i.e. ITO/n-GaAs 
diodes without the thin layer of In) at various stages. In marked contrast to the devices in 
sample A, the linearity of the I-V curves for this set of devices is severely clamped to a few 
rnA by the large Rs. Following the first set of annealing at 240°C for 5 hours, the Ir decreases 
slightly possibly due to the corresponding reduction in the surface leakage as shown by the 
reverse current; there is no significant change in Rs. Further annealing for 5 hours at 340°C 
results in a significant reduction in Rs to 31Q a corresponding rise in If, reaching nearly 




















Annealed at 240°C for 5 hrs. 




Figure 6.17 : Semi-logarithmic I-V characteristics for (Sample B) ITO/n-GaAs Schottky 
diodes as fabricated and at various stages of annealing 
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As Annealed at Annealed at 
Parameter Fabricated 240°C for 5 hrs. 340°C for further 5 hrs. 
n l.9 ± 0.01 l.70 ± 0.02 l.51 ± 0.02 
$bo (eV) 0.58 ± 0.01 0.63 ± 0.02 0.72 ± 0.02 
Rs (n) 1273.3 ± 219.4 1,205 ± 81 31 ± 8 
Idark at -2V (nA) 98.5 ± 2.24 ll.41 ± 0.24 2.52 ± 0.07 
Table 6.9: Effect of annealing on I-V parameters for (Sample B) ITO/n-GaAs Schottky photo 
diodes. 
After the first annealing stage, there is a slight decrease in the ideality factor and an increase 
in $bo. The leakage current drops by nearly a decade; Rs is considerably higher than those for 
Sample A. This is most likely due to greater sputter induced damage on Sample B in the 
absence ofthe thin In layer which acts both as a protective and a doping layer. Following the 
final annealing stage, there is again a reduction in the reverse (surface) leakage current. As 
in the case of Sample A, the effect of sputter damage is significantly removed by the final 
annealing and reflected in reduced Rs as well as in the C-V and the optical measurements. 
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Figure 6.18: Capacitance-Voltage Characteristics for (Sample B) ITO/n-GaAs Schottky 
Diodes as fabricated and at various stages of annealing. Simulation showing the effect of 
doping on Capacitance are superimposed for comparison 
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Figure 6.18 shows the measured and simulated C-V profiles for Sample B. Although these 
are similar to those for Sample A, there are some notable exceptions: there is a marked 
increase in the capacitance and these is no intermediate decrease after the first annealing 
stage. The capacitance shows a gradual increase as a function of annealing. As before, the 
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Figure 6.19: Doping profile extracted from C-V measurements for (Sample B) ITO/n-GaAs 
Schottky Diodes as fabricated and at various stages of annealing. The profile of a 
conventional AVn-GaAs diode fabricated on the same wafer is shown for comparison. 
The characteristic distortion to the shape of the doping profile due to sputtering is once again 
noticed. In contrast with Sample A, Annealing at 240°C has a greater effect on the doping 
profile of the Sample B devices as shown in Figure 6.19; recovery occurs at the surface 
much more readily than in Sample A. This may be due to the absence of complex defects 
created as a result of sputter deposition over the thin layer of indium. The final anneal at 
340°C for 5 hours gradually restores the doping level near to its as grown nominal value at 
the surface. These observations correspond to those made by Vandenbroucke et al in the 
study of sputter deposited Al/n-GaAs Schottky diodes resulting in similar damage [167]. 
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A plot of photo current as a function of reverse voltage for the Sample B ITO/n-GaAs 
Schottky diodes at various stages is shown in Figure 6.20. It is seen that as the optical power 
is increased in steps of O.15mW, there is a linear increase in Iph for ali three plots -
corresponding to a responsitivity, R, of 0.4 AlW (11 = 64%). Unlike for sample A, this value 
of responsivity remains constant as a function of annealing. However, like the devices in 
sample A, the Iph becomes progressively less bias dependent as a resuit of the annealing. The 
effect of the sputter induced highly doped surface layer is more accentuated on the photo-
current suggesting that the intermediate In has a protective role to play. Following the first 
anneaiing stage, there is iinle or no change in this damaged region; however, anneaiing at 
340°C for 5 hours results in recovery albeit to a lesser extent than the devices in Sample A. 
6.1.2.4 Discussions and Conclusion 
Annealing is used to reduce the film resistivity as well as recover the damage inherent to the 
r.f. sputtering process. Experimental results show that higher power during sputtering helps 
reduce the film resistivity but resuits in increased damage; similar reports are also available 
in the literature [165]. Thus an optimum power was chosen to achieve a satisfactory value 
for the resistivity of the as deposited ITO filtn. Annealing at 240°C for 30 minutes was 
r-..... . ,. .. .1'. • 11 11 11 r- .. _ .. ,...-4 _ ..... .... _r.. ... ,....-4 .-
sUIIlclem to reouce tllIS to an acceptame valUe 01 l)XIV ucm !fom j)VXlV ucm. 
However, annealing at a higher temperature of at least 340°C for several hours was necessary 
to restore the effect of sputter damage on the semiconductor substrate. 
Tables 6.5 and 6.6 showing the effect of annealing on ITO/n-GaAs Schottky Diodes are in 
apparent contradiction with the later set of devices i.e. Tables 6.8 and 6.9 respectively. The 
earher set (G i and G2) of devices were fabricated using a lower r.1. power of 70\V as 
opposed to 150W for the latter set (A and B). Hence due to annealing there is a significant 
reduction in the series resistance of Gland G2, which were velY high initially. However, the 
other electrical parameters, such as $bo, dark current and the n, of these devices degrade due 
to annealing whereas they improve for the samples A and B. This is an anomaly in the 
experimental results of the fortner set (Gland G2) of devices which cannot be easily 
explained. However, a number of possible reasons may be offered: 
1. the Nil AuGelNil Au ohmic metals have a eutectic temperature of around 325°C beyond 
which this system undergoes a series of liquid phase reactions and forms bubbles. It is 
hkeiy that some of this metai may graduaiiy flow over the edge of the ITO and into the n-
GaAs layer giving rise to pseudo ohmic behaviour resulting in lowered ~bo, increased dark 
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current and n. Table 6.6 shows that no significant degradation to the ~bo occurs due to 
anneaiing at the lower temperature of 200°C. 
2. penetration of the ohmic metals through the thin layer of ITO (800A) into the damaged n-
GaAs surface. However, this is iess iikeiy to happen in practice since ITO acts as 
diffusion barrier. 
Near ideal, ITO/n-GaAs Schottky diodes with low leakage current, low series resistance and 
high responsivity have been fabricated on n-GaAs epitaxial layers. The effect of mesa 
etching, r.f power, use of a thin layer of indium and gradual annealing have been studied and 
optimised to produce near ideal photo diodes. Mesa etching significantly reduces the surface 
leakage current thus suppressing the dark current. Increasing the 1'. f power reduces the sheet 
resistance of the ITO film but causes greater damage to the substrate. This damage can be 
minimised by depositing a thin layer of indium on the GaAs substrate prior to sputtering and 
it can also be rernoved pa11ially by gradual anllealing. 
Sputtering results in a donor like effect which produces a thin but highly doped surface layer. 
In contrast to the work by Vandenbroucke el al [167] on AlIn-GaAs Schottky diodes, 
anneaiing at below 250c C was not sufficient for removing the observed effect of sputtering. 
Thus the higher temperature of 340°C was used. 
The apparently anomalous influence of sputter damage can be reconciled if it is assumed that 
it consists of two separate effects: 
(a) shallow damage caused by iarge Argon ions 
(b) deep damage caused by high velocity electrons/smaller particles 
The Argon ions in the plasma have sufficient energy to knock out Arsenic atoms from the 
regions close to the surface of GaAs [167]; this has the effect of releasing an extra electron 
which is free to transport charge. Hence the resulting Arsenic vacancies give rise to the so 
called "donor like effect". However, since the Argon ions are quite large, they are unlikely to 
penetrate deep into the semiconductor. 
The shallow damage thus introduces a thin but highly doped surface layer. The combined 
effect of the image force and the (increased) built-in potential, Vbi, causes the barrier height, 
$bo, to reduce [i/O]. As the damage is restored and density of free carriers at this shaiiow 
region returns to the original value, both the image force and the Vbi are reduced and the ~bo 
assumes a value comparable to an un-damaged metal!n-GaAs Schottky diode. 
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The effect of the highly doped surface layer is also seen in the photo-current of the Schottky 
diodes. At low biases, the photo generated pairs at the edge of the (lower field) depletion 
region do not have a velocity sufficient to ensure that they do not recombine at the highly 
doped and damaged surface region. As the bias is increased, the field experienced by the 
photo generated pairs as they arrive at the edge of the depletion region becomes sufficiently 
high to ensure that no such recombination (resulting in acutely lowered photo current) takes 
place. Annealing restores the sputter damage and a corresponding improvement in the photo 
current is noticed at both low and high reverse bias. 
On the other hand, electrons and possibly other smaller particles present in the plasma (such 
as Hydrogen, since the sputtering system is water cooled), which have high kinetic energy, 
penetrate deeper into the semiconductor surface. Because of their high velocity, they do not 
undergo inelastic collision and therefore to not cause any significant crystal damage. 
However, as they penetrate deeper, they lose their kinetic energy and slow down. At this 
stage they are able to transfer a large portion of the remaining energy through inelastic 
collision causing greater crystal damage. The damage manifests itself by effectively 
introducing more and more trapping centres deeper into the semiconductor which give rise to 
progressive reduction in the density of free carriers as evidenced in the observed CV profiies 
for Samples A and B. At a certain depth, the mojority of the high energy incident particles, 
having transferred all their energy, will not penetrate further. Therefore, it is expected that 
the free carrier density profile would then recover to the original value for the undamaged 
wafer at a point (several microns) deeper still into the substrate [177]. This phenomoen 
requires further detailed study and is not within the scope of this research. 
The barrier heights obtained for the ITO/n-GaAs Schottky diodes in this study lie in the range 
0.76 (for high 1". f power of 150W) to O.SSeV (for low r. f power of 70W); in addition to 
being comparable to thermaHy evaporated metal!n-Ga..As diodes, these match closely with the 
values obtained by Aliyu et al [178] who fabricated ITO/n-GaAs diodes by sputtering 
(0. 76e V) and Balasubramanian ei al [179] who fabricated ITO/n-GaAs devices by thermal 
evaporation (0.83eV). This iliustrates that the effect of sputtering induced donor like 
properties is reduced at lower powers. 
In comparison with opaque or ITO/n-GaAs Schottky diodes in the literature [72,73] which 
have Rs values up to 1900 and ij in the range 19% - 32%, devices with very low Rs of 25Q 
<>nt1 on; ohn 01- ilr,u/ ,'.. \"erp rpa"11·Set1 ;n tn" l·S "tllt1V "Ku" "tlrl·nir;n o t"he at't;"e rpmon h" 1· o"n "ppeo" 
".Au. .&b.&..I. 'I Uv ' v, .... _ .... ...., ""," .. .a "'\'W-J ' .L.J).., ... u ...... .&o ....,\..1 ........... 0. , . OA U ...., 
devices can be achieved; parasitic capacitances and leakage currents can be reduced by a 
combination of proton bombardment and mesa etch isolation techniques. These comparisons 
are summarised in Table 6.10: 
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Photo Diode Fabrication Method Rs [0] «Pbo leV] 11 [%1 Ref. 
ITO/n-GaAs r.f. sputtering 25 0.80 80 This work 
ITO/n-GaAs r.f. sputtering - 0.76 - [178] 
* ITO/n-GaAs r.f. sputtering 110 0.85 32 (70 ) [70] 
Ni/p-InGaAs Thermal evaporation 190 - 19 [721 
Table 6.10: Comparison of ITO/n-GaAs Schottky photo diodes from this study with similar 
devices reported in the literature. 
* The value of 11 in brackets for ITO/n-GaAs diodes in reference [70] is the estimated 
quantum efficiency for these devices adjusted to reflect a structure with a total absorption 
width of 1.75/J.m (i.e. identical to those fabricated in this study) instead of being 0.5/J.m. As 
mentioned earlier, a shorter absorption width enhances device speed but reduces the 
absoprtion. This adjustment provides a better comparison as far as the quantum efficiencies 
are concerned. Recall that the inherent trade-off between the 11 and the speed of a photo 
detector was discussed in section 2.5 and demonstrated in Table 2.3 in section 2.5.9. 
6.1.3 Richardson Constant for the ITO/n-GaAs Contact 
Detailed reports on ITO growth techniques and its electrical and optical properti€s are 
currently available in the literature, mainly so on Si [180] and p-type lnP [171] 
semiconductors and some on n-GaAs. However, in order to modei such a junction for 
predicting device characteristics, it is necessary to understand the properties of the 
ITO/semiconductor Schottky junction and to determine the modified Richardson constant, 
** ** A . In this section the A for sputter deposited ITOin-GaAs Schottky barrier is determined 
from I-V measurements carried out over a wide temperature range. 
6.1.3.1 Results and Discussion 
The fabrication detail was presented in the section 6.1.2. The devices with ITO deposited on 
n-GaAs (wafer no. GB445) at a relatively low power of 70W was used because the extent of 
sputter induced damage is likeiy to be io\v. RecaH that these ITO diodes had near ideai 
Schottky barriers (n < 1.08) and low dark currents (at -2V, 300K Idark = 8.7nA). The optical 
sensitivity, using a 630nm incident beam, was found to be O.4AIW (11 = 80%). However, the 
series resistance for these devices were rather high as discussed eariier. This is dearly 
evident in the forward biased I-V plots for these devices over the entire temperature range as 
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Figure 6.21: Measured I-V characteristics of ITO/n-GaAs diodes over a wide temperature 
range 
In comparison with the Au/n-GaAs diodes fabricated on the same wafer (as shown in section 
6.l.1), the reverse current increases rather more rapidly at high temperatures for the ITO/n-
GaAs diodes. Furthermore, this current is bias dependent suggesting the increase is mainly 
due to surface leakage effects. 
The Arrhenius plot extracted from the I-V measurements over the 360K-140K temperature 
range is shown in Figure 6.22. Over this range, the fit to the experimental data shows a good 
linear fit suggesting the dominance of thermionic emission current transport mechanism. 
However, below this range, the transport mechanism is believed to be dominated by a 
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4 
A** = 1.3xl04 Am-2K-2 






Figure 6.22: Arrhenius plot of In(Itetr) versus 103 IT showing the temperature dependence of 
thermionic emission current in the ITO/n-GaAs Schottky diode. 
The barrier height extrapolated from the slope of this linear fit indicates a <1>00 of 0.82eY. 
These results are similar to those obtained for the In203/n-GaAs [181] and ITO/p-InP [171] 
Schottky junctions as well as those reported for ITO/n-GaAs diodes [178,179]. From the y-
** axis intercept, the modified Richardson constant, A for ITO/n-GaAs is calculated to be 
1.3xl04 Am-2K-2. As shown in Table 6.11 , this value is closer to the AlIn-GaAs Schottky 
diodes rather than the Au/n-GaAs devices fabricated in the course of this investigation. 
Diode, Ideality.factor, n 
ITO/n-GaAs 1.08 0.82 
AlIn-GaAs 1.08 0.77 16.0 x 104 
Au/n-GaAs 1.04 0.84 12.5 x106 
Table 6.11 : Summary of the various properties of the Schottky diodes fabricated in this study. 
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The Richardson constant for GaAs in free space, A·, is quoted as 1.2 x 106 Am-2K-2 [23]. 
These results suggest that electron transport for the Auin-GaAs diodes is much more efficient 
than in AlIn-GaAs and sputter deposited ITO/n-GaAs Schottky diodes. The low value for the 
latter Schottky contact may be due to the sputter induced damage. 
6.1.4 Realization of Transparent Gate HEMT Using ITO 
The basic theory behind optically controlled FET devices [74,75] was introduced in section 
2.5. In this study, novel pseudomOlphic HEMTs (PHEMT) with a transparent gate (TG-
HEMT) were fabricated using transparent indium tin oxide for the fIrst time. The gate of such 
a device is essentially a Schottky contact. The bulk of this particular work carried out in 
collaboration with a fellow researcher, A. Khalid and a detailed discussion will be available in 
his Ph.D. thesis. The objective of this section is thus to demonstrate that novel working 
devices were realised as a result of extending the work on ITO/n-GaAs Schottky diodes 
[79,182]. 
6.1.4.1 Fabrication 
The epitaxial layers for these pHEMT devices were grown by MBE on a semi insulating 
GaAs substrate. Figure 6.23 shows a schematic diagram of transparent-gate HEMTs with 
ITO Schottky contact fabricated on this wafer: 
SOURCE 
(AuGelNiffilAu) 
n+- GaAs, 800A 
Si doped to 2.8xlOI8cm-3 
n+- Alo.23G~.77As, 350A 
Si doped to 2.8xl018cm-3 
Undoped lno. IIG~.88As, 130A 









Figure 6.23: A schematic diagram of transparent-gate HEMT with ITO Schottky contact. 
181 
Chapter 6: Application ofITO Contacts - Results and Discussion 
The fabrication procedure was carried out using standard photolithography steps. Initially, 
the wafer was mesa etched to the S.L GaAs substrate for device definition. Ni/AuGe/Ni/Au 
metalisation were thermally deposited on the n + -GaAs cap layers and annealed to form good 
contacts to the source and the drain terminals. The wafer was then divided into two parts: the 
first part used for fabricating opaque gate contact devices with a Ti/AI (200Al3000A) 
metalisation~ the other part was used for TG-HEMT fabrication. The entire surface of the 
second part of the wafer was coated with 3000A of ITO by reactive r. f. sputtering. Because 
of the difficulties associated with defining near micron patterns on ITO by wet etching, the 
dry etching technique involving RIB with an Al mask was used. Hence, Al metal mask for 
gate definition was then evaporated. This was followed by RIB patterning of ITO to form the 
transparent gate. In both opaque and transparent devices, the gate dimension was 5xl00 J.!m2 
and the source-to-drain separation was 7J.!m. Appropriate annealing was carried out to 
remove any sputter induced damage. 
6.1.4.2 Results and Discussion 
A comparison of the optical responsivity of the opaque and transparent gate HEMTs in 
Figure 6.24 clearly demonstrates the greater coupling efficiency due to the ITO gate contact 
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Figure 6.24: Comparison of the optical responsivity of a TG-HEMT and pHEMT measured 
at /.., = 780 nm~ Vgs = - 0.15V and Vds = 3Y. (After A. H. Khalid, S. A. Bashar and A. A. 
Rezazadeh [79]) 
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The measured optical responsivity of the TG-HEMT devices was in excess of 5NW 
corresponding to an external quantum efficiency, 11 > 800% for 780 nm incident radiation. It 
is also seen that the responsivity in both sets of devices tends to saturate at high optical 
powers. This is most likely due to the very thin absorption volume afforded to the vertically 
incident optical waves. 
As discussed in section 2.5, optical control in these advanced heterojunction devices is 
achieved by means of either a photo-voltaic or a photo-conductive effect [78] depending on 
where the majority of the photo-generation takes place; photo current under the gate giving 
rise to a photo voltage effectively reduces the channel width and can be used for the desired 
optical control. Using a transparent ITO gate enhances this control. On the other hand, 
photo generated pairs in the channel will effectively increase its conductivity and add to the 
drain current. 
6.2 Devices Based on ITO Ohmic Contacts 
6.2.1 ITO Ohmic Contacts to n + and p + Epitaxial Layers 
The advantages associated with using a practically transparent and highly conductive layer of 
Indium Tin Oxide (ITO) to form the metal/semiconductor junction were discussed in one of 
the earlier sections. Similarly, transparent conducting electrodes with ohmic properties 
promise to enhance the performance of surface light emitting or detecting compound 
semiconductor devices [183,184]. These include heterojunction photo-transistors (HPTs), 
light emitting diodes (LEDs) and vertical cavity surface emitting lasers (VCSELs). 
In this section the optimisation of the fabrication process necessary to produce such 
transparent contacts with good ohmic properties is discussed. In contrast with ITO/n-GaAs 
rectifying junctions, the substrates used for ohmic contact formation have doping densities 
which are several orders of magnitude higher. In addition, there are distinct differences in 
the post deposition annealing conditions for the ITO ohmic contacts. This dual property of 
ITO forming either a rectifying or an ohmic contact has also been reported by Kellet et at 
[142]. The transmission line model (TLM) theory is used to evaluate and compare the 
properties of the ITO/semiconductor ohmic contacts. 
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6.2.1.1 Contacts to Highly Doped GaAs Epitaxial Layers 
ITO was deposited on highly doped GaAs epitaxial layers to study the ohmic properties of the 
ITO/(n + or p +) GaAs interface. In addition, the effect of a thin layer of Indium between the 
ITO film and the n + -GaAs substrate was also examined. Thin layers of metal have been used 
by previous researchers to achieve superior ohmic contacts between transparent films and 
semiconductors: Lawrence et al used this scheme in the fabrication of cadmium tin oxide 
(CTO) and ITO contacts to GaAsP surface emitting LEDs [183] ; an intermediate layer of thin 
silver (50 to 100A) was used by Tu et al in the fabrication of VCSELs with CTO contacts 
[184] and more recently, Li et al [96] have used a thin intermediate metallic layer in the 
fabrication of AlGaAs/GaAs HBTs with transparent ohmic contacts. However, there is no 
formal study of its effect on the contact using the TLM method. 
6.2.1 .1.1 Fabrication and Post Deposition Annealing 
The GaAs samples used in these experiments consisted of a S. I. GaAs substrate with 
MOCVD grown n + or p + epitaxial layers; the n +-GaAs layers were generally obtained from 
N-p-n AIGaAs/GaAs HBT wafers by removing all layers except the highly conductive n + sub-
collector using appropriate chemical etchants. The fabrication procedure for the n + and p + 
ITO/GaAs ohmic contacts are identical. However, there are some modifications to the usual 
fabrication procedure for the ITOlInln +-GaAs ohmic contacts which are described later. 
Typical values for doping and thickness of the highly doped layers are summarised in Table 
6.12: 
Siimpl~: 1;{Doping [cm-3] Thicmess [run] ',I,' '" Substrate 0 
<; 'ii, 
+ 
n GaAs 5xl018 1000 400/-lm S.I. GaAs(undoped) 
+ p GaAs 5x1019 1000 400/-lm S.I. GaAs(undoped) 
Table 6.12: Typical values for doping and thickness of the GaAs samples used for appraising 
ITO ohmic contacts. 
TLM patterns were defined using photolithography and a lift-off process. At fust, wet 
chemical etching was used to define the required mesas on n + or p + on the respective S. 1. 
GaAs substrates in order to confine the current. Indium metal pads were deposited by 
thermal evaporation and lift-off process on the samples for studying the effect of a thin layer 
of Indium between ITO and the n +-GaAs layers; the thickness of the indium metal pads was 
approximately 100A. 
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Prior to loading the samples into the sputtering chamber, these were cleaned in a IHel : 
1H20 solution for one minute; this treatment was found to improve adhesion ofITO films to 
the substrate. The samples with Indium metal pads were not treated in this manner because 
Indium is easily removed by the Hel solution. Balasubramanium et al [179] have reported 
the use of a layer of apiezon wax to protect indium back contacts in the fabrication of 
ITO/GaAs Schottky diodes; the wax was removed by a brief dip in tricholoroethylene (TeE). 
However, their method of protecting the In metal is not compatible with the fabrication 
process involved here. 
In the next step, ITO was deposited on the entire surface of the samples by reactive r.r. 
sputtering in a Ar/02 plasma using the Nordiko 1500 system. The conditions for ITO 
deposition were as follows: base pressure = Ixl0-6 torr, total pressure during sputtering = 
5xlO-3 torr, partial pressure of oxygen, P02 = 7.3xl0-3, r.f. power = 150W, pre-conditioning 
time = 30 minutes, and the deposition time = 30 minutes. These conditions produced ITO 
films which were approximately 3000A thick. 
Following sputtering, further photolithography was used to deposit the TLM patterns by 
sequential thermal evaporation and lift-off process on the ITO films covering the conductive 
mesas; the TLM pads were (50 x 100) Jlm2 and had linear spacings of 10 to 70Jlffi between 
them. The metalisation scheme used was Nil AuGelNiI Au. The fabrication steps for the 
samples without the In layer were completed by removing the unwanted ITO by using the 
metal pads as a mask for wet chemical etching in Hei. Figure 6.25a and b show a schematic 




Figure 6.25: Schematic diagram of an ITO ohmic contact to n + GaAs layer; (a) shows part 
of such a contact fabricated for TLM measurements while (b) shows the addition of a thin 
layer ofIndium between the ITO and the conductive layer. 
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In case of the ITO/lnln+-GaAs ohmic contacts, wet chemical etching was not suitable for the 
reasons described earlier. In addition, it was evident that the dry etch rate of Au was greater 
than that of ITO and therefore the Ni/AuGelNi/Au metal pads were unsuitable as a mask. 
Therefore a 1500A thick layer of AI, which has a much slower etch rate in the Ar plasma 
than either the ITO or Au, was used as the final metal on top of the Au. This allowed the 
required dry etching of the unwanted ITO with Al as the protective mask. The conditions for 
the RIE in Ar were as follows: pressure = 1.2xl0-2 torr, Ar flow rate = 55 and r. f. power = 
100W, etch time = 15 minutes. 
Following fabrication of the required TLM patterns, the contacts were annealed using various 
methods: 
a) heat treatment under forming gas ambient in a tube furnace for temperatures 
ranging from 400°C to 500°C for periods of up to 30 minutes 
b) heat treatment under a nitrogen ambient in the rapid thermal annealer at 500°C for 
30 to 90 seconds 
After each treatment step, the I-V characteristics of two adjacent TLM pads were plotted on 
the HP4145B SPA to monitor the effect. Although the series resistance, Rs, of the contacts 
decreased, the plots continued to demonstrate "Schottky-like" behaviour at low voltages as 
shown in Figure 6.26. 
It is seen from Figure 6.26 that the Rs of the ITO contacts reduce as a result of the 
conventional annealing techniques. This can be attributed to a number of factors which 
include the reduction in the resistivity of the ITO film and recovery of sputter damage in the 
GaAs epitaxial layer. The breakdown voltage of the highly conductive mesa layer was seen 
to have increased from 6V (typical for ND = 1018cm-3) to a few kV following sputtering; 
annealing at 400°C for 30 minutes reduced this value to approximately 20V - typical for a 
doping density of mid 1016 cm-3. Although some recovery is evident, as expected from 
earlier work on Schottky contacts annealed at 340°C, full damage restoration has not 
occurred. Thus a rectifying behaviour typical of an ITO/n-GaAs with 1016 cm-3 doping was 
observed due to a barrier at the ITO/semiconductor interface. Comparable results were also 
obtained by the rapid thermal annealing (RTA) technique. It is assumed that short annealing 
is insufficient to cause any significant changes to the sputter damaged layer. Cunningham et 
at [185] have reported similar retainment of rectifying behaviour ofIndium Oxide contacts to 
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Figure 6.26: Typical I-V plots for two adjacent TLM pads with ITO contacts (solid lines) and 
metal contacts (dotted lines) as a result of annealing by conventional methods 
Hence a "step-wise" annealing procedure was adopted to produce "linear" ohmic behaviour 
similar to the metallGaAs contacts. The actual annealing scheme involves a step-like 
sequence as shown in Figure 6.27. Annealing was carried out in the tube furnace in a 
forming gas (lO%H2 + 90%N2) ambient. The maximum temperature applied at each stage 
was approximately 500°C. 
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Figure 6.27: Bar chart showing the annealing sequence of the ITO/semi-conductor contacts; 
the average temperature and the standard deviations are plotted versus time. 
The effect of high temperature annealing to the ITO films was discussed in section 5.3; it 
was shown that there is a minimal change in transparency due to the annealing treatments. 
The addition ofa 100A thick layer of In between the ITO and the conductive mesa (as shown 
in Figure 6.25b) is expected to reduce the effective transparency of the ohmic contact. In 
order to determine this effect, a 100A layer of In was thermally evaporated on a microscope 
glass cover slide; the required thickness of ITO film was then deposited by reactive r.f. 
sputtering. Figure 6.28 shows the results. It is seen that although the transmittance of the 
composite film is significantly reduced from 90% to approximately 75%, this is restored to 
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Figure 6.28: Effect of a 100A thick layer of In between the glass and ITO on the 
transmittance 
Finally, a set of TLM mesa/pad structures were prepared using conventional metal pads on 
the respective n +-GaAs and p +-GaAs mesas for comparison. These were identical in size and 
spacing to the ITO-TLM patterns. For the n-type contacts, the following metalisation scheme 
was achieved by sequential resistive thermal evaporation of Ni (50A)/ AuGe (300A)/ Ni 
(lOOA)/ Au (lOOOA) without breaking the vacuum; for the p-type contacts, Au (300A)/ Zn 
(300A)/ Au (lOOOA) was deposited in a similar manner. Following photolithography and 
prior to loading in the evaporation chamber, the samples were chemically cleaned in 10% 
HCI for 15 seconds. Both these sets of contacts were annealed at 400°C for 30 seconds using 
RTA in N2 ambient. 
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6.2.1.1.2 Results and Comparison with conventional Contacts 
The TLM theory and setup has been discussed in section 4.1. Recall that the specific contact 
resistance, Pc, calculated using the contact end resistance, is given by: 
R 2 2 c W 
Rsk 
where 
Rc = contact resistance, 
w = width of the contact pad 
Rsk = modified sheet resistance directly under the ITO contact pad 
Rsk is given by: 
where, 
2w 
Rsk = -(Re - RJ 
s 
s = length of the contact pad 
Re = end contact resistance 
(eqn.6.7) 
(eqn. 6.8) 
Re can be calculated from the resistance measurements of R12, R23 and R13 corresponding to 
the resistances of three adjacent pads. In practice, if the total resistance between two pads is 
plotted as a function of the separation between them, the slope gives the value of (Rsh/w) 
while the y-axis intercept gives 2Rc. In addition to these parameters, the transfer resistance, 
Rt, is often used as a figure of merit in the related literature. Rt is the product of the contact 
resistance Rc and w, the pad width. 
In a good ohmic contact, following annealing, the sheet resistance of the material directly 
under the pad is heavily modified and significantly reduced in comparison to the sheet 
resistance, Rsh, of the starting material. Therefore, before annealing, Rsh and Rsk should be 
similar in value if the material directly under the pad has not been modified as a result of 
simply depositing the pad metals for example; following annealing, Rsk is typically ten or 
twenty times lower while Rsh remains unchanged. 
After annealing, the measured contact resistance as a function of pad spacing showed a linear 
dependence. Figure 6.29 shows the specific contact resistance, Pc, as a function of annealing 
stages for ITO contacts to n +-GaAs and Infn +-GaAs. Here each "annealing stage" refers to 
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one full cycle of the annealing scheme shown in Figure 6.27~ thus stage 2 refers to two 
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Figure 6.29: Specific contact resistance, Pc, of ITO 
substrates as a function of annealing stages 
+ 
and ITOlIn contacts to n GaAs 
The best transfer resistance, Rt, and the specific contact resistances, Pc, and their 
corresponding Rsh and Rsk values achieved in each case are summarised in Table 6.13; 
corresponding results obtained for a conventional contact is also shown for comparison. As 
mentioned earlier, prior to annealing, the ITO contacts showed rectifying behaviour and were 
not measurable using the TLM method. The Rt also shows a minima after the first stage of 
annealing. Hence only one annealing stage was used during the fabrication of devices with 
transparent ITO ohmic pads on n + - GaAs contact layers. 
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!1ii', ~. Contact 
,. 
" .f!; Rt [nmm] <l'ffPc [!lcm2] 
~ 
Rsh [nlO] . Rsk [nlO] ic 
+ ITOln -GaAs 0.68 ± 0.01 (1.2 ± 0.1) xlO-4 60.2 ± 2.1 10.2 ± 1.2 
+ ITOlInin -GaAs 0.49 ± 0.02 (7.6 ± 0.1) xlO-:l 52.1 ± 1.1 6.3 ± 0.7 
(AulNii AuGelNi)/n +-GaAs 0.10 ± 0.01 (3.1 ± 0.7) xlO-5 38.8 ± 1.0 2.3 ± 0.4 
Table 6.13 : Summary of ohmic parameters for ITOln + - GaAs contacts with and without a 
thin intermediate In layer and comparison with conventional opaque metal/n + -GaAs contacts 
From Table 6.13, it is seen that the insertion of the intermediate layer ofIn helps improve the 
ohmic contact although it is not a known dopant in GaAs. However, Lakhani et al [169] have 
suggested that In alloyed to n-GaAs forms a graded InGaAs heterojunction giving rise to 
ohmic behaviour. After the post deposition annealing, it forms a thin layer of InGaAs which 
results in a superior ohmic contact with ITO. 
In the conventional n-type Nil AuGelNii Au ohmic contact, Ge is the main dopant species 
which is said to be driven into the underlying n-type semiconductor by the heat treatment to 
form a n ++-GaAs interface [26] resulting in ohmic behaviour through current transport 
predominantly by the tunneling mechanism. In the transparent contacts, Sn, thermally 
dissociated from the stoichiometric compound Indium Tin Oxide, is most likely to be 
responsible for forming a good non-rectifying contact. Sn, like Ge, is known to be an 
amphoteric shallow donor in n-GaAs [26,186]. It is seen that the ITO contacts have 
comparable ohmic characteristics to their conventional counterparts. 
The Rsh values for a given conductive substrate should not change as a result of annealing or 
having different ohmic pads. Therefore, it is interesting to note that the sheet resistance of 
the ITO mesas is consistently higher than that for the thermally evaporated contacts 
suggesting the retention of some sputter induced damage. Given the low sheet resistance 
obtained for the ITO film itself following similar heat treatment, it is this damage which is 
most likely to account for the relatively slight increase in the resistance of the transparent 
contacts. 
Although Zn, Be and sometimes Mg as usually chosen as acceptors for p-type 
semiconductors, but for practical purposes, the AulZnI Au multilayered contact is by far the 
most widely used. Despite the absence of any obvious dopant species in the ITO, the main 
reason behind realising good p-type transparent ohmic contacts is likely to be due to the high 
substrate doping alone. The corresponding specific contact resistance, as a function of 
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Figure 6.30: Specific contact resistance, Pc, of ITO contacts to p + GaAs substrates as a 
function of annealing stages 
The best transfer resistance, Rt, and the specific contact resistances, Pc, achieved are 
summarised in Table 6.14. 
Contact Rt[~] M-
1
" Pc [Qcm2] Rsh [0/0] Rsk [0/0] 
0' , ,j ~ii 
+ ITO/p -GaAs 0.55 ± 0.03 (3 .2 ± 0.1) xl0-5 156.1 ± 15.7 13.8± 2.8 
+ (AulZnlAu)/p -GaAs 0.07 ± 0.01 (5.1 ± 0.2) x10-o 138.5 ± 6.6 6.7± 0.2 
Table 6.14: Summary of ohmic parameters for ITO/p+ - GaAs contacts and comparison with 
conventional opaque metaVp + -GaAs contacts 
As for the n-type contacts, the transparent ITO contacts are comparable to their opaque 
counterparts. It is should be noted that the conventional p-type ohmic contacts obtained here 
are similar to those fabricated in our laboratory which is amongst some of the best results 
ever reported for AulZnlAu contacts on highly (carbon) doped p +-GaAs substrates [187]. 
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Although the sputter damage evidently has a less significant effect on the sheet resistance of 
the p +-GaAs substrate than in the case of the n +-GaAs substrate, the higher specific contact 
resistance and transfer resistance of the transparent contact must be due to a combination of 
the absence of any acceptor species in ITO and retention of sputter induced damage. 
In comparison with the ITO/n +-GaAs ohmic contact, it is seen that the ITO/p +-GaAs contact 
is marginally better. Again, this is most likely due to the p +-GaAs test wafer being ten times 
more highly doped than the n +-GaAs samples used in this study. 
6.2.1 .2 Contacts to Highly Doped InGaAs Epitaxial Layers 
ITO was deposited on highly doped InGaAs epitaxial layers to study the ohmic properties of 
the ITO/n + InGaAs interface with its potential application in the fabrication of ITO emitter 
contact InP/InGaAs HPTs. 
6.2.1.2.1 Fabrication and Post Deposition Annealing 
The InGaAs samples used in these experiments consisted of a S. 1. InP substrate with 
MOCVD grown lattice matched n + Ino.53Gav.47As epitaxial layers. Like the n +-GaAs layers, 
the InGaAs test wafers were obtained by chemically etching a InP/InGaAs RBT wafer until 
the highly doped sub-collector was reached. The subsequent fabrication and post deposition 
annealing procedure for the ITO/n + -InGaAs ohmic contacts were similar to those for the n + 
and p + ITO/GaAs ohmic contacts. Typical values for doping and thickness of the highly 
doped InGaAs layers are summarised in Table 6.15 below: 
Sample ' ' llc"Doping [cm-}]", Thi~kne~s [nm]!i\l Substrate 
. r ' c, ,',!ii' 
':,< 
+ 
n InGaAs 3x1018 600 400llm S.l. InP(Fe doped) 
Table 6.15: Typical values for doping and thickness of the InGaAs samples used for 
appraising ITO ohmic contacts. 
6.2.1.2.2 Results and Comparison with Conventional Contacts 
Figure 6.31 shows the specific contact resistance as a function of annealing stages for ITO 
+ 
contacts to the n -InGaAs layers grown on S.l. InP substrates. 
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Figure 6.31 : Specific contact resistance, Pc, of ITO contacts to n + InGaAs substrates as a 
function of annealing stages 
The best transfer resistance, Rt, and the specific contact resistances, Pc, achieved are 
summarised in Table 6.16: 
Contact Rt[nmm] Pc [ncm2] Rsb [Q/D] Rsk [nlD] 
'" '" 
~ '. 
+ ITO/n -InGaAs 0.37 ± 0.1 (7.1 ± 0.6) x10-) 39.3 ± 3.2 8.0 ± 1.5 
(AulNi/AuGe/Ni)/n +-InGaAs 0.12 ± 0.01 (5.4 ± 0.8) xlO-6 37.4 ± 1.0 3.2 ± 0.3 
Table 6.16: Summary of ohmic parameters for ITO/n+ - InGaAs contacts and comparison 
with conventional opaque metal/n +-InGaAs contacts 
The doping mechanisms involved here are similar to those in the n + -GaAs substrate. 
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6.2.1.3 Surface Morphology ofITO Ohmic Contacts 
In the fabrication of small geometry microwave devices, the surface morphology of the ohmic 
contact is of particular importance. An uneven surface can reduce the ease of subsequent 
wire bonding and degrade the edge-defInition where tolerances are vel)' strict. However, the 
wetting action of metallic compounds on 111-V semiconductors is low and the contact material 
tends to separate into islands [25]. This adhesion problem is also called "mounding" or 
"balling-up" and is usually associated with the n-type AuGe contact [188]; although adhesion 
layers such as Ni or Pt, which do not form eutectics with the contact metals, have been used 
to circumvent this problem, this is still a topic which is far from resolved. Morphology 
problems can also arise from re-evaporation of constituents at high temperatures as Zn in the 
AulZn/ Au p-type contact. 
Figure 6.32 shows a Scanning Electron Microscope (SEM) photomicrograph of three types of 
ohmic contacts on a GaAs substrate: metal on ITO/n + -GaAs, AulZn/ Au on p + -GaAs and 
fmally NiiAuGelNiiAu on n+-GaAs. It should be noted that following ITO annealing using 
the scheme shown in Figure 6.27, further metalisation and chemical etching steps were 
carried out to deposit the opaque p and n-type contacts on p + -GaAs and n + -GaAs respectively. 
A fmal single annealing step was carried out by RTA at 400°C for 30 seconds. 
Nil AuGelNil Au 
onn+ - GaAs 
AulZnlAu 
on p+ - GaAs 
ITO on 
n+ - GaAs 
Nil AuGelNii Au 
on ITO 
Figure 6.32: SEM Photomicrograph showing the contrast between the smooth surface 
morphology of an metallITO/n + -GaAs and the rough (Nil AuGelNii Au)ln + -GaAs contact. 
It is seen from Figure 6.32 that there is signifIcant "balling-up" on the surface of the n-type; 
the diameter of an average "mound" is approximately 5 J.Ull - comparable to, if not larger than, 
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the dimensions involved in emitter finger widths of microwave HBTs. This effect is reduced 
but still present in the p-type contact. 
By contrast, however, the metal on the ITO/n +-GaAs surface is smooth. This suggests that 
there is no liquid phase reaction involved in the latter ohmic contact and ITO acts like a 
capping (such as TilAu) or a diffusion barrier (such as ZrB2) [189] layer preventing the 
intermixing of the top-most Au layer with the substrate causing the balling effect. Its 
demonstrated excellent surface morphology and edge definition is an added advantage in the 
fabrication of small geometry optoelectronic devices. This observation is further correlated 
by the fact that Sn present in ITO is also known to take part in solid phase reactions to n-
GaAs in the formation good ohmic contacts. However, like other solid phase schemes, such 
as PdlGe or PdlSn, the resistance is higher than that obtained for the Ni/AuGelNi/Au liquid 
phase n-type contact. 
6.2.2 Realisation ofITO Contacts to HPT Emitters 
Given that photo transistors offer the possibility of light detection and amplification in a 
single device, renewed interest has been aroused in these devices as detectors, particularly 
with the advent of the Heterojunction Bipolar Transistor (HBT). Studies using such HBTs 
with opaque emitter contacts demonstrate the suitability of these devices as photo detectors 
in terms of optical performance where signal to noise ratios in excess of 30 dB have been 
obtained [95,190,191]; HBTs used as phototransistors are known as HPTs. The optical gain 
of any photo transistor depends on the coupling efficiency, the collection efficiency and its 
internal gain; in the HPT structure, there lies an inherent trade-off between the speed and the 
collection efficiency. However, by using a transparent emitter contact, the coupling 
efficiency can be significantly improved thereby raising the overall gain-bandwidth of the 
device correspondingly. 
In this section the use of Indium Tin Oxide (ITO) as the transparent ohmic contact to the 
emitter of such HPTs is presented. As mentioned elsewhere in this thesis, a transparent 
contact overcomes the processing difficulties associated with opaque ring electrodes where 
near micron structures need to be fabricated. AlGaAs/GaAs, InGaP/GaAs and InP/InGaAs 
HPTs have been fabricated using ITO as the emitter contact. To the best of our knowledge, 
the work on InP/lnGaAs HPTs with ITO emitter contacts was first reported by ourselves [2]. 
The I-V, C-V, and optical characteristics of HBTs and HPT's fabricated from these three 
different material systems and the advantages associated with their fabrication and 
performance are compared and discussed in the following pages. In addition, advantages and 
disadvantages of top illuminated vs. edge coupled HPTs is also considered. 
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6.2.2.1 Fabrication of conventional HBTs and ITO Emitter Contact HPTs 
A set of AIGaAs/GaAs, InGaP/GaAs and InPlInGaAs HBT devices were fabricated using 
standard photolithographic and wet chemical mesa etching steps. Layer structures of the 
samples are shown in Table 6.17 to Table 6.21 respectively: 
-
Doping [cm -3] No. Layer Material Dopant Thickness [A] 
8 Cap + n - GaAs Si 2 x 1018 3,500 
7 Graded Emitter AlxGal_xAs; (x=0.3 to 0) Si 2 x 1018 400 
6 Emitter Alo.3Gao.7As Si 3 x 1017 1,500 
5 Graded Emitter AlxGal_xAs; (x=O to 0.3) Si 3 x 1017 225 
4 Base + p - GaAs C 4 X 1019 1,000 
3 Collector n- GaAs Si 5 x 1015 10,000 
2 Sub-collector + n - GaAs Si > 5 x 1018 7,000 
1 Substrate S. I. GaAs Undoped - 400/J.m 
Table 6.17: Layer Structure for graded AlGaAs/GaAs wafer (no. 3075-3) 
i "" 
. r ·3 Thickness [A] No. Layer 1, Material 
" 
Dopant Dopmg em ] 
8 Cap + n - GaAs Si 5.0 x 1018 1,900 
7 Graded Emitter AlxGal_xAs; (x=0.3 to 0) Si 5.0 x 1017 200 
6 Emitter AlO.3Gao.7As Si 5.0 x 10
17 1,500 
5 Graded Emitter AlxGal_xAs; (x=O to 0.3) Si 5.0 x 1017 200 
4 Base + p - GaAs C 2.0 x 1019 900 
3 Collector n - GaAs Si 2.0 x 1016 5,000 
2 Sub-collector + n - GaAs Si 5.0 x 1018 10,000 
1 Substrate S. 1. GaAs Undoped - 400/J.m 
Table 6.18: Layer Structure for graded AIGaAs/GaAs HBT wafer (no. 1-1408) 
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No. Layer Material Dopant Doping [em -3] Thickness [A] 
6 Cap + n - GaAs Si 2±0.2 x 1018 1,000 
5 Emitter n - lno.51 Gao.49P Si 3±0.3 x 10
17 4,000 
4 Base + p - GaAs C 5±0.5 x 1019 800 
3 Collector n - GaAs Si 7±0.7 x 10
15 10,000 
2 Sub-collector + n - GaAs Si > 5 x 1018 7,000 
1 Substrate S.1. GaAs Undoped - 400J.!m 
Table 6.19: Layer Structure for the InGaP/GaAs Wafer (no. 15894-2) 
No. ,t Layer" I ~ Material Dopant I" Doping [cm-~] Thickness rAl 
8 Cap + n - GaAs Si 3 x 1018 1,500 
7 Emitter 2 + n - Ino.5Gao.5P Si 2 x 1018 200 
6 Emitter 1 n - InO.5Gao.5P Si 3 x 1017 1,000 
5 Spacer GaAs Undoped - 25 
4 Base + p - GaAs C 3 x 1019 800 
3 Collector n - GaAs Si 5 x 1016 5,000 
2 Sub-collector + n - GaAs Si 3 x 1018 5,000 
1 Substrate S.1. GaAs Undoped - 400J.!m 
Table 6.20: Layer Structure for the InGaP/GaAs Wafer (no. DK-136) 
No. Layer Material Dopant Doping [cm-3] Thickness [A] 
7 Cap + n - Ino.53Gao.47As Si 3.0 X 1018 1,000 
6 Emitter n - InP Si 5.0 x 1017 3,000 
5 Base + p - Ino.53Gao.47As Zn 6.0 X 1018 2,500 
4 Collector n - Ino.53Gao.47As Si 2.3 x 1016 4,000 
3 Sub-collector + n - InO.53Gao.47As Si 3.0 x 1018 6,000 
2 Buffer InP Undoped - 10,000 
1 Substrate S. 1. InP Fe - 400/J.m 
Table 6.21: Layer Structure for the InP/lnGaAs (no. 3-089) 
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Large geometry HBT devices were fabricated based on the circular triple-mesa design using 
the standard photolithography and lift-off techniques. Figure 6.33 shows the plan view of a 
typical 100).!m HBT device. Using this design, the emitterlbase and base/collector areas can 














Figure 6.33: Scale diagram of a HBT with 100).!m diameter emitter 
In case of the conventional HBT devices, the fabrication process begins with the deposition 
of the emitter metal contact on the bare wafer; this n-type metalisation scheme consists of 
50A Nil 300A AuGe / 100A Ni / 1000A Au. This step is followed by mesa etching to the 
base and deposition of the p-type contact metals consisting of 300A Au / 300A Zn / 1000A 
Au. Finally, a second mesa etch step is used to reach the highly doped sub-collector and 
deposition of another n-type metal contact layer. The fabrication step is completed by a 
single rapid thermal annealing (R TA) at 400°C for 30 seconds. This final annealing step is 
not applied in case of the InPlInGaAs HBT devices because these devices already have low 
ohmic contacts without the annealing; furthermore, the annealing causes these devices to 
short out. 
In the fabrication of the HPTs with transparent ITO emitter contacts, the above procedure is 
slightly modified. For the AlGaAs/GaAs and InGaP/GaAs devices, both of which have a n + -
GaAs cap layer, a thin layer of In is used between the ITO and the semiconductor in order to 
improve the ohmic contact. This was seen from our experimental results which were 
discussed in section 6.2.1 of the thesis. Therefore, a circular dot of In (lOOA thick) is 
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deposited by thennal evaporation on the n + -GaAs cap layer of the AIGaAs/GaAs or 
InGaP/GaAs sample using standard photolithography and lift-off process. ITO is then 
deposited onto the n+-GaAs cap layers by reactive r.f. sputtering followed by dry etching for 
emitter contact defmition. The samples were then alloyed to obtain good ITOlInin + -GaAs 
ohmic contact. For the InPlInGaAs devices, the fabrication process starts with the r.f. sputter 
deposition oflTO on the n + - InGaAs cap layer. This is followed by emitter contact defmition 
and alloying to achieve a good ITO/n + - InGaAs ohmic contact as in the case of 
AIGaAs/GaAs or InGaP/GaAs devices. 
Thus, for the ITO emitter contact HPTs, once the transparent contact is deposited, defmed and 
alloyed, further fabrication consists of depositing a conventional n-type metal contact on the 
ITO. This is followed by exactly the same processing steps as in the fabrication of 
conventional HBTs. Thus AulZnlAu and NiiAuGelNiiAu metalisation systems are used to 
make contacts to the base and collector layers respectively. Finally, while the AIGaAs/GaAs 
devices were annealed using RTA at 400°C for 30 sec., no further annealing was carried out 
on the InPlInGaAs HPTs in the fmal stage of the fabrication. Figure 6.34 shows the photo-
micrograph of such an InPlInGaAs HPT device after fabrication: 
Hase Mesa 
p-type metal contact on 
p + - InGaAs Base 
Transparent ITO c·ontact on 
n ' -lnGaAs Cap layer 
(covering the entire 
Circular Emltter Mesa) 
n-type metal on 
TTOfilm 
ll-type metal contact on 
ll+ - InGaAs Sub-collector 
Figure 6.34 : Photo micrograph of a completed InPlInGaAs HPT with transparent ITO emitter 
ohmic contact. 
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Individual devices were packaged on T05 transistor headers and all I-V measurements were 
carried out using a HP4145B semiconductor parameter analyser (SPA) while the C-V 
measurements were done using a HP4284A precision LCR meter. Responsivity 
measurements were performed by mounting the headers on an optical bench and using 
630nm, 780nm and 13lOnm variable power solid state lasers (for the AIGaAs/GaAs and 
InPiInGaAs HPTs respectively) in conjunction with the SPA. The electrical base current 
input from the SPA was set to zero during the optical measurements, and the output collector 
current was recorded at various incident optical power levels. 
6.2.2.2 Electrical Properties ofHBTs with Opaque and Transparent Contacts 
The measured electrical (d.c.) properties of the HBTs in this study are presented and analysed 
here. In each case, the mean value with the respective spread of various parameters for 
several otherwise identical devices are used. At first a comparison between the opaque and 
transparent set of devices is made; this is followed by a comparison between the HBTs 
fabricated from the different material systems. 
6.2.2.2.1 AIGaAs/GaAs Devices 
The common emitter output characteristics of a typical N-p-n AIGaAs/GaAs HBT with 
conventional metal contacts is plotted in Figure 6.35. It is seen that these HBTs have 
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Ib step = 10MA; (Range 0 to SOMA) 
0.0 --~~~=:==:=:::=:::==:==:==:==:==:====:==-;==: 1= -I 
0.0 1.0 2.0 3.0 
veE (V) 
Figure 6.35: Common emitter output characteristics of a conventional AIGaAs/GaAs HBT 
(on wafer no. 3075-3) 
For these HBTs, a common emitter offset voltage, Ll V CEO, (measured with Ib :::::; Ie :::::; 0) of 
405m V was observed. This value is more than an order of magnitude greater than the Ll V CEO 
for a homojunction device which is typically 10m V. The large Ll V CEO in HBTs is due to the 
inherent difference between the tum on voltages, Vt, of the base-emitter heterojunction and 
the base-collector homojunction [192]. The difference in the built-in potentials has been 
attributed and experimentally confirmed to be due a potential spike at the base emitter 
hetero-interface by Lee et af [192]. In the presence of such a spike the electrons have to 
surmount the barrier by thermionic emission (much like transport across a Schottky barrier) 
whereas transport of carriers in a homojunction is dictated essentially by a diffusion 
mechanism. Other researchers have reported the use of controlled grading at the 
heterojunction to reduce the spike [193,194] or employed another hetero-interface at the base 
collector [195] in order to minimise the offset voltage. The Vt is related to but not equal to 
the built-in potentials, Vbi, of the respective p-n hetero and homo junctions. In addition to 
Vbi differences, the final variation in the Vt also depends on the difference between total 
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series resistances of the two (base-emitter and base collector) diodes in question. Thus the 
offset voltage is given by: 
where, 
AVCEo = Vt(B-E) - Vt(B-C) 
Vt(B-E) = base-emitter turn-on voltage 
Vt(B-C) = base-collector turn-on voltage 
(eqn.6.9) 
In addition to the above factors, Tiwari et al [196] have also reported that if there is 
significant recombination current present in the base, the asymmetry of in the areas of the 
two junctions can also contribute to the offset voltage by between [kT/q x In(area ratio)] and 
[2kT/q x In(area ratio)]. In case of the transistors in this study, this value could therefore be 
between 45mV to 90mV. 
The Early voltages (> 400V) are higher than those expected from a Be 182 homojunction 
Silicon bipolar transistor (typically 130 volts) and demonstrates considerably lower degree of 
base width modulation in the HBTs. This is to be expected given the extremely high base 
dopings in the latter devices. We have observed AIGaAs/GaAs HBTs with forward Early 
voltages as high as 1300 volts. 
A maximum d.c. current gain of 76.6 was measured at a collector current of 100mA 
corresponding to a current density of 1.3xl03 Alcm2. The ideality factors of the base and 
collector currents, nIb and nle, were 1.29 and 1.12 respectively; the Gummel plot for these 
devices is shown in Figure 6.36. A base ideality factor close to unity indicates either the 
dominance of a base bulk or extrinsic surface recombination effect while domination of 
recombination in the space charge region at the base emitter hetero-interface yields a nIb 
closer to 2 [197]. A collector ideality factor of greater than unity, which is unusual for 
graded emitter AIGaAs/GaAs HBTs, suggests that the collector current is not a simple 
diffusion current and that there is a large conduction band offset limiting this current as 
expected from an abrupt base emitter junction. 
The output characteristics for the transparent emitter contact devices were very similar to 
those shown the previous figure. The various d.c. parameters for these two sets of devices 
are summarised in Table 6.22 for comparison. 
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I¥ Paranl'eter ~ Conventional Device Devi-ce with ITO Contact 
., 
f3 , d.c. Gain 76.6 ± 6.2 60 ± 7.6 
nIb, Base current ideality factor 1.29 ± 0.05 1.30 ± 0.07 
nIe, Collector current ideality factor 1.12 ± 0.01 1.10 ± 0.02 
Ree' (Emitter contact resistance) [n] 4.32 ± 0.60 24.2 ± 5.2 
~, (Collector contact resistance) [n] 4.22 ± 0.49 4.7± 0.5 
~VCEo, Offset Voltage [mV] 405 ± 45 547 ± 56 
Forward Early Voltage [V] 427.7 ± 13.4 406.4 ± 15.3 
Table 6.22: Extracted electrical parameters for AlGaAs/GaAs HBTs on wafer no. 3075-3 
Few notable differences between the devices with opaque and transparent contacts become 
apparent from Table 6.22. The greatest amongst these is the emitter contact resistance Ree' 
which was found to be as much as five times greater for the latter devices in comparison to 
their opaque counterparts. If the total contact resistance, Rs, is consider to be due of the 
resistance of the ITO film, RITO and that of the emitter cap layer immediately underneath it, 
RCap, then: 
Rs = RITO + RCap (eqn.6.10) 
where, RITO is given by: 
and 
hence, 
P L RITO = .-.!:!:2-
A 
(eqn.6.11) 
PITO = resistivity ofITO after annealing = 14.6 xl0-4 ncm (see section 5.3.) 
L = thickness ofITO film = 1500A 
A . ....c. 8 -5 2 = emItter sWlace area = 7. 5 x 10 cm 
RITO = 0.3 mn 
similarly, the resistance of the cap layer was found to be 
RCap = 0.03 mn 
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taking a value of 1900A for its thickness and 1.2 x 10-4 ncm as the modified resistivity of the 
cap layer under the ohmic contact (obtained from measured Rsk = 6.3 n lO , see section 
6.2.1). 
This shows that high series resistance cannot be attributed to the resistance of the ITO layer 
or to the cap layer resistance alone. It is also apparent from this calculation that the total 
contact resistance of the conventional devices also have other resistive components, albeit 
much less significant in comparison to the r.f. sputtered contacts. The additional resistance 
in the transparent contact must therefore be due to some sputter induced damage to layers 
deeper than the cap layer. It was also observed that the thin layer of In helps reduce this 
effect because preliminary devices without this intermediate metallic film had even larger 
Ree' than those reported here. More detailed study is necessary to investigate this source of 
resistance and further reduction in the emitter resistance may be achieved by using a thicker 
layer of indium without causing significant reduction to the transmittance of the ITO contact. 
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Figure 6.36: Gummel Plots for AIGaAs/GaAs devices (wafer no. 3075-3) with and without 
ITO emitter ohmic contacts. 
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It is seen that the Ie in the linear region of the Gummel plot is slightly lower than that of the 
opaque devices. The final value of Ie is limited by the larger emitter series resistance. 
However the overall reduction in Ie vs. Vbe in comparison with the metal contact devices 
again points to the likelihood of possible damage caused to the emitter layer during r.f. 
sputtering which was not fully recovered during the ohmic contact annealing. As a result, the 
measured d.c. gain, f3 is consistently lower for the ITO emitter contact devices. This is 
discussed later in section 6.2.2.2.4. 
A relatively reduced forward Early voltage was also observed for the transparent emitter 
contact devices. This can be due to a reduced base doping as result of the ITO deposition. 
As seen in the analysis of the ITOfn + GaAs Schottky diode, the r. f. sputtering is most likely to 
give rise to a donor like effect. An increase in the number of ionised donors in the p + base 
would have the same electrostatic effect as a reduction in the number of acceptors and hence 
the doping concentration. The reduction in the forward Early voltage would be consistent 
with such a phenomenon. 
The results of capacitance voltage (C-V) measurements on these devices will now be 
presented. The bias range for the C-V measurements was between 0 and -2V. The extracted 
emitter and the collector doping profiles for the AlGaAsfGaAs HBTs with the conventional 
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Figure 6.37: Emitter doping profile extracted from C-V measurements for AlGaAs/GaAs 
devices (wafer no. 3075-3) with and without ITO emitter ohmic contacts. 
9.0 
Devices with ITO contact 
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Figure 6.38: Collector doping profile extracted from C-V measurements for AlGaAs/GaAs 
devices (wafer no. 3075-3) with and without ITO emitter ohmic contacts. 
The effect of a higher emitter series resistance in the ITO emitter contact devices was 
assumed not to have any effect on the capacitance measurement as per the findings discussed 
earlier in section 6.1.2.4. The emitter doping profiles are flat in comparison with the 
collector profiles. The higher doping in the emitter means that as the reverse bias is 
increased to its limit, the depletion region does not go beyond the bulk of the AlGaAs emitter 
into the GaAs cap layer for example. This observation is consistent with specifications for 
the wafer no. 3075-3 shown in earlier. Figure 6.37 also shows that the majority of the emitter 
is already depleted even at zero bias with the depletion region edge at approximately O.13)lm 
for both sets of devices. In contrast however, Figure 6.38 shows that the collector profiles 
rise sharply as the depletion region, swept by the applied reverse bias, approaches the highly 
doped sub-collector region. The relatively lower collector doping results in the larger zero 
bias depletion width, 0.77 )lm. The measured data for these plots suggest that the collector is 
fully depleted with a reverse bias of approximately - 0.9V 
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From these figures it is evident that the values for the measured and the specified doping 
concentrations are similar within the boundaries of experimental errors. It is also seen that 
emitter doping profile for the ITO devices is approximately 20% higher than their 
conventional counterparts, whereas the difference between the collector dopings is much less 
significant at approximately 1 %. Therefore, these results suggest that there is a noticeable 
change on the doping profiles of HBTs due to r.f. sputtering and that this does indeed give 
rise to a donor like effect in the affected regions. Furthermore, as there is no significant 
change in the collector doping profile, it is reasonable to assume that the sputtering effects 
are confined before the collector layer. Since the C-V profiling technique cannot yield the 
doping profile of the already highly doped p + GaAs base region, it is not possible to make 
definite conclusions based on these measurements on the effects of r.f. sputtering on that 
reglOn. 
Parameter Conventional Device Device with ITO Contact 
'" 
.. 
CBEo, Base-emitter zero bias cap. [pF] 6.43 ± 0.08 6.54 ± 0.07 
CBCo, Base-colI. zero bias cap. [pF] 6.32 ± 0.03 6.34 ± 0.09 
Vbi(B-E), Base-emitter built-in pot. [V] 1.54 ± 0.03 1.62 ± 0.01 
Vbi(B-C), Base-collector built-in pot. [V] 1.29 ± 0.01 1.28 ± 0.01 
NDE, Emitter doping conc. [cm- j ] (1 .10 ± 0.08) x 1017 (1.31 ± 0.04) x 1017 
NDC, Collector doping conc. [cm-3] (3.11 ± 0.11) x 1015 (3 .15 ± 0.32) x 10 1:> 
MJE (Emitter-base grading) 0.5 (abrupt) 0.5 (abrupt) 
MJC (Base-collector grading) 0.5 (abrupt) 0.5 (abrupt) 
Table 6.23: Extracted C-V parameters for AIGaAs/GaAs HBTs on wafer no. 3075-3 
The various other C-V parameters are summarised in Table 6.23 for comparison. It is seen 
that the base-emitter built-in potential, Vbi(B-E), is greater (by approximately 200m V) than 
that of the base-collector Vbi(B-C). This is partly due to the emitter doping being larger than 
that of the collector, but primarily because of the presence of the considerably large 
AIGaAs/GaAs heterojunction conduction band offset ~Ec, as shown in (eqn. 6.12). As 
mentioned earlier, this difference in the two built-in potentials also contributes towards the 
larger offset voltage in HBTs. 
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Although the quoted values above for the built-in potentials were extracted from plots of l/C2 
vs. the applied reverse voltage VR, the analytical values for Vbi(B-E) heterojunction [198] and 
the Vbi(B-C) homojunction are given by: 
kT (N N ) Vbi(B-E) = EgB + ABc + - In DE AB 
q NcENvB 
(eqn.6.l2) 
which can be also expressed as (see Appendix D2), 
and, 
where 
AB kT (N N) kT (N N ) Vbi(B-E) = dEc - --g + - In cB vE + _ In DE AB 
2 2q N cE N vB q niBniE 
(eqn.6.13) 
kT (N N ) V bi(B-C) = - In AB 2 DC 
q niB (eqn.6.14) 
EgB = Bandgap of Base material (GaAs), in eV 
NeE, NvE = Density of states in the emitter conduction and valence bands respectively 
NcB, NvB = Density of states in the base conduction and valence bands respectively 
niE = intrinsic carrier concentration in A1o.3Ga(),7As emitter (= 2.50 x 103 cm-3) 
niB = intrinsic carrier concentration in GaAs base (or collector) (= l.79 x 106 cm-3) 
and all other symbols have their usual meaning 
Values of Vbi(B-E) and Vbi(B-C) obtained from these equations, using the measured doping 
concentrations, compare very well with those extracted experimentally. The equations also 
indicate that a larger emitter doping in the transparent contact devices would give rise to a 
larger Vbi(B-E) as is the case in practice. 
The grading of the two junctions were also obtained from the C-V measurements which 
indicate both junctions as being abrupt. This is despite the emitter being nominally graded; 
however, interpreted in conjunction with experimentally measured the I-V parameters (large 
d V CEo and nIe > 1), it is likely that the emitter was imperfectly graded. 
Table 6.24 shows a comparison of extracted electrical parameters for another set of 
AIGaAs/GaAs HBTs fabricated (on wafer no. 1-1408) with and without ITO contacts. These 
devices have considerably lower r3 than the previous set of devices. As expected from a base 
emitter junction with proper compositional grading, the collector ideality factor is very close 
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to unity while the offset voltage is noticeably reduced in comparison with the previous set of 
devices. It is worth noting that the nominal values for the emitter and the base dopings, 
which playa part in determining the built-in potential of the heterojunction, are comparable 
for both wafers and is unlikely to contribute to the difference in the measured offset Voltages. 
Parameter Conventional Device Device with ITO Contact 
, . ;~ . 
(3, d.c. Gain 12.7 ± 0.7 10.7 ± 0.8 
nIb, Base current ideality factor 1.16 ± 0.06 1.36 ± 0.01 
nIe, Collector current ideality factor 1.01 ± 0.05 1.01 ± 0.03 
Ree' (Emitter contact resistance) [0] 4.65 ± 0.61 28.1 ± 3.6 
Rcc' (Collector contact resistance) [0] 5.10 ± 0.45 4.84 ± 0.36 
~ V CEo, Offset Voltage [m V] 343.0 ± 7.5 278.0 ± 14.7 
Forward Early Voltage [V] 347.5 ± 7.1 325.0 ± 10.7 
Table 6.24: Extracted electrical parameters for AIGaAs/GaAs HBTs on wafer no. 1-1408 
When comparing the opaque and transparent devices, some of the common features with the 
previous set are that the gain and the forward early voltage are lower while the Ree' is greater 
for the ITO devices. However, unlike the previous set where nIb was approximately 1.3 for 
both conventional and sputtered devices, it is seen here that the base ideality factor has 
significantly increased from 1.16 to 1.36 for the latter devices with the ITO contact. This 
indicates a shift of the dominant base current component from base bulk recombination to 
space charge recombination at the emitter interface. It is possible that sputtering has induced 
intrinsic surface interface states causing this effect. Given the depth of the base emitter 
interface in these devices is 3,600A in comparison to 5,625A for the previous set, the 
likelihood of sputter damage to the shallower hetero-interface is greater. It may be argued 
that this effect did not become apparent in the previous set of devices as those were already 
dominated by SCR recombination at the base emitter heterojunction. 
6.2.2.2.2 InGaP/GaAs Devices 
InGaP/GaAs devices have several advantages over their AlGaAs/GaAs counterparts. These 
include selective etching of the InGaP emitter which makes not only fabrication considerably 
easier but it also yields devices with more uniform characteristics for a given wafer. This is 
evident from the measured d.c. parameters of the devices used in this study as shown in 
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Table 6.25 and Table 6.26. The conduction band offset, ~c, is smaller while the valence 
band offset, ~v, is larger for the InGaP/GaAs hetero-interface - conditions which are ideal 
for the performance of an HBT. A more detailed comparison between the various HBT 
material systems is presented later in this section. As shown by (eqn. 6.12), a smaller ~c 
would yield a smaller Vbi(B-E) which in turn would reduce the collector emitter offset voltage, 
d V CEo. The d V CEo for the InGaP/GaAs devices in this study range from approximately 
200mV (wafer no. 15894-2) to as low as 50mV (wafer no. DK-136). The larger offset value 
in this case results from a combination of higher emitter doping and lower collector doping in 
the former set of devices giving rise to a larger Vbi(B-E) and a smaller Vbi(B-C). 
Parameter Conventional Device Device with ITO Contact 
~ 
/3, d.c. Gain 45.2 ± 0.5 39.0 ± 2.7 
nib, Base current ideality factor 1.13 ± 0.01 1.11 ± 0.05 
nle, Collector current ideality factor 1.01 ± 0.01 1.01 ± 0.01 
Ree' (Emitter contact resistance) [0] 4.58 ± 0.37 14.8 ± 4.6 
Rcc' (Collector contact resistance) [0] 4.62 ± 0.22 4.8 ± 0.7 
d V CEo, Offset Voltage [m V] 190 ± 10 197 ± 9 
Forward Early Voltage [V] 370 ± 23 356 ± 15 
Table 6.25: Extracted electrical parameters for InGaP/GaAs HBTs on wafer no. 15894-2 
Devices on both InGaP/GaAs HBT wafers indicate a near unity collector ideality factor 
suggesting the overwhelming domination of diffusion mechanism in the collector current 
transport. The base ideality factors are also low enough (approximately 1.1) to disregard 
domination of SCR recombination at the emitter base hetero-interface. Thus, the measured 
low ideality factors and the low offset voltages are consistent with a lower ~c; it is worth 
noting that these effects are also expected from a well graded AIGaAs/GaAs emitter base 
HBT which attempts to remove the restrictive influence of the potential spike from the 
otherwise large conduction band offset. 
Much of the discussion and analysis used in the presentation of the results for the 
AlGaAs/GaAs HBTs is also applicable in the comparison between opaque and transparent 
InGaP/GaAs devices. The ITO devices have lower /3 and higher Ree' in all cases. 
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Parameter Conventional Device Device with ITO Contact 
.< 
/3, d.c. Gain 16.2 ± 1.8 12.8 ± 1.5 
nIb, Base current ideality factor 1.09 ± 0.03 1.25 ± 0.07 
nIe, Collector current ideality factor 1.01 ± 0.01 1.04 ± 0.04 
Ree' (Emitter contact resistance) [0] 4.37 ± 0.46 21.6 ± 0.8 
Rcc' (Collector contact resistance) [0] 4.83 ± 0.71 5.06 ± 0.62 
~ V CEo, Offset Voltage [m V] 48.4 ± 7.2 64.5 ± 8.5 
Forward Early Voltage [V] 306.8 ± 11.2 262.3 ± 13.5 
Table 6.26: Extracted electrical parameters for InGaP/GaAs HBTs on wafer no. DK-136 
A final feature which becomes more apparent is the relationship between the effect of r.f. 
sputter induced damage on the base emitter interface and its depth from the surface of the 
wafer. It is seen from Table 6.26 that the base ideality factor for ITO contact devices 
fabricated on wafer no. DK-136 with a shallower base of 2725A is 1.25 in comparison to 
1.09 of their opaque counterparts indicating sustaining of sputter damage giving rise to 
increased SCR recombination at the heterojunction~ in contrast, the difference in the nIb 
between ITO and metal contact devices is insignificant for the wafer with the deeper base of 
5000A as shown in Table 6.25. 
6.2.2.2.3 InPlInGaAs Devices 
The InPlInGao.53As0.47 material system received a great deal of attention because of its 
bandgap of 0.75eV which is sensitive to wavelengths universally used for long haul optical 
fiber cables. Thus this system has wide ranging implications for uses in the field of optical 
telecommunications. Also its superior transport properties with respect to the AlGaAs/GaAs 
system makes it one of the strongest competitors. 
Like their InGaP/GaAs counterparts, this material system also offers the advantages 
associated with selective etching during device fabrication. For the HBTs fabricated in this 
study, a low common emitter offset voltage (measured when Ib :::::: Ie :::::: 0) of 61m V and 
collector/emitter breakdown voltage of 5.5V were observed. However, it was evident from 
the output characteristics that InPlInGaAs HBTs have rather poor saturation characteristics 
with high output conductance unlike the complete saturation observed in typical GaAs-based 
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devices. This is due to the high multiplication factor and the low breakdown voltage 
associated with the low band gap of the InGaAs material. 
Figure 6.39 shows the measured current gains vs. collector current for InPlInGaAs HBT 
devices with metal and ITO emitter contacts at V CE = 2V. A maximum current gain of 30 
was measured at a collector current of 50 to 70mA corresponding to a current density of 
approximately 9x102A/cm2. From this figure it is also evident that the gain for the ITO 
devices is lower than those of the opaque devices and that this is throughout the entire range 
of the collector current. 
100 
10-7 10-6 
• Device with opaque contact 
• Device with ITO contact 
10-5 10-4 
Ie (A) 
10-3 10-2 10-1 
Figure 6.39: Measured current gains vs. collector current for InPIInGaAs HBT devices with 
an opaque and a ITO emitter contact (V CE = 2V). 
Ideality factor of the collector and base were 1.01 and 1.11 respectively, indicating that the 
base current was dominated by the bulk recombination in base while there are no potential 
barriers in the base emitter junction deviating the collector current from the dominant 
diffusion mechanism. In case of the ITO devices, there is no change in the nle while there is 
a small but notable increase in nib to 1.18 indicating a presence of SCR recombination at the 
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base emitter junction. Following from previous discussion on AlGaAs/GaAs and 
InGaP/GaAs, this increase can be attributed to sputter damage during ITO deposition. The 
depth of the base emitter hetero-interface is 4000A and thus the damage sustained is less than 
in devices with shallower base emitter junctions (1-1408 and DK-136). Recall, the effect of 
sputter damage was not noticeable for base interfaces deeper than 5000A. 
As seen from Table 6.27, the difference between the d.c. gains of the transparent and the 
opaque devices is the smallest for the InPlInGaAs devices as is the emitter series resistance, 
Ree' when compared to the devices fabricated in the other material systems. The Ree' for the 
metal contact devices is 3 to 4 times greater than those for the previously presented 
AlGaAs/GaAs and InGaP/GaAs HBTs. This is because while the ohmic contacts on those 
devices were annealed, no annealing was carried out on InPlInGaAs devices with 
conventional metal ohmic contacts. 
Parameter Conventional Device Device with ITO Contact 
,W , .IN 
f3 , d.c. Gain 29.7 ± 0.2 27.5 ± 1.5 
nIb, Base current ideality factor 1.11 ± 0.02 1.18 ± 0.04 
nIe, Collector current ideality factor 1.01 ± 0.01 1.01 ± 0.01 
Ree' (Emitter contact resistance) [0] 15.6 ± 4.5 19.6 ± 5.3 
Rcc' (Collector contact resistance) [0] 4.8 ± 0.30 4.83 ± 1.22 
d V CEo, Offset Voltage [m V] 60.0 ± 0.5 56.7 ± 6.2 
Forward Early Voltage [V] 80.6 ± 7.3 74.5 ± 8.0 
Table 6.27: Extracted electrical parameters for InPlInGaAs HBTs on wafer no. 3-081 
The small offset voltage reflects a good match between the tum-on voltages of the base 
emitter and the base collector junctions. Referring to (eqn. 6.12) it can be deduced that the 
Vbi(B-E) is reduced by the small bandgap of the InGaAs base while according to (eqn. 6.14), 
the Vbi(B-C) would also be expected to be small because of the intrinsic carrier concentration 
in this material which is 105 times greater than in GaAs. It can also be seen that the 
difference between the offset voltages of the opaque and ITO contact devices is minimal. 
This can be attributed to their closely matched emitter resistances, Ree'. 
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6.2.2.2.4 Sputter Damage in HPT Devices 
There is evidence of sputter damage in the HBTs. However, since the initial doping 
concentrations in the HBTs is several orders of magnitude greater than those of the diodes, its 
effect is not as noticeable in the device performance or the CV profiles. 
Shallow damage at the surface of the cap layer adversely affects the ohmic properties. 
Annealing restores most of this damage, but the remaining damage acts as recombination 
centres at the interface of ITO/cap layer draining a small part of the emitter current. This 
then results in the observed increase in the emitter series resistance. 
Deep damage in the HBTs affects the emitter-base junction and the base bulk respectively. 
Any non-ideal current transport across the emitter-base junction, in particular increased 
recombination, would result in an increase in the base ideality factor, nIb. Experimental 
results clearly show that devices with sputtered ITO contact have a larger nIb than their 
thermally evaporated metal contact counterparts. However, from the nIb it is not possible to 
ascertain the effect of damage in the bulk of the base. Increased recombination at the base-
emitter junction would reduce the emitter injection efficiency whereas increased 
recombination in the base would reduce the base transport factor. A reduction in either or 
both of these two parameters would result in a lowered P of the device. Experimental data 
suggests lower P for the ITO devices. Thus the observed effects on the emitter series 
resistance, base ideality factor and the reduced gain provides evidence of both shallow and 
deep damage due to sputtering on the HBT samples as well. This is in agreement with our 
observation of the diode samples. 
6.2.2.2.5 Comparison between AIGaAs/GaAs, InGaP/GaAs and InP/InGaAs HBTs 
In this section, the electrical properties of HBTs fabricated on the three material systems are 
compared. In order to compare the turn on voltages, Vt. of the AIGaAs/GaAs HBTs, with 
typical InGaP/GaAs and InP/lnGaAs HBTs, the collector currents of three devices with same 
geometry and conventional ohmic contacts were plotted as a function of base emitter voltage 
with VBe = 0 as shown in Figure 6.40. It is seen that the InPlInGaAs HBTs exhibit a lower 
turn on voltage (0.2eV) compared to GaAs-based HBTs (0.8eV). This clearly demonstrates 
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Figure 6.40: Ie versus Vbe for AIGaAs/GaAs, InGaP/GaAs and InPIInGaAs HBTs. All 
devices have the same geometry and conventional ohmic contacts. 
This difference in the turn on voltages is caused primarily by the difference in the band gap 
energies of the InGaAs and GaAs base materials. Assuming a unity base transport factor and 
negligible hole current due to back injection, the collector current is proportional to the 
minority carrier injected, npb, at the base emitter junction: 
(eqn.6.15) 
If one measures the turn on voltage at a fixed collector current for all devices, using (eqn. 




Chapter 6: Application of ITO Contacts - Results and Discussion 
11 -3 
ni(InGaAs) = 5.4 X 10 cm 
6 -3 
nj(GaAs) = 1. 8 X 10 cm 
Since (nj)InGaAs/(nDGaAs = 105 the contribution from the difference in the ratios of the base 
dopants (NAB) can be assumed to be minimal; therefore, I1V was estimated using (eqn. 6.16) 
to be 0.6V, which is in good agreement with the experimentally observed difference (0.6V). 
The gain variation with respect to the collector current for all three devices is compared next. 
Figure 6.41 shows the normalised d.c. gains for devices fabricated in the three HBT material 
systems. It is evident that while the AIGaAs/GaAs B varies with Ie, the InGaP/GaAs shows 
little change with respect to Ie and the InPIInGaAs gain is almost independent of the collector 
current. This can be attributed to the low surface recombination velocity associated with the 
InGaAs material. 
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Figure 6.41: Normalised d.c. Gain versus Ie for AlGaAs/GaAs, InGaP/GaAs and InPlInGaAs 
HBTs. All devices have the same geometry and conventional ohmic contacts. 
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6.2.2.3 Optical Properties ofHBTs 
By using a transparent ITO emitter contact the performance of these devices improves 
significantly; this is particularly important in order to overcome practical difficulties in 
coupling optical radiation to microwave devices where emitter-base junction areas are in the 
order of a few 10 Jlm2. The basic theory of the photo transistor was discussed earlier in 
sections 2.4 and 2.5; a schematic device structure of an InP/Ino.53Gao.47As HPT with 
transparent ITO emitter ohmic contact is shown in Figure 6.42. Incident photons pass 
through the ITO contact and the wide band gap emitter "window"; they are then absorbed in 
the base and collector regions of the HPT, creating electron-hole pairs. The photo generated 
holes accumulate in the base and alter the base-emitter potential so that electrons are injected 
from the emitter into the base. Internal gain is then achieved through normal transistor action 
when the base width Wb is less than the diffusion length of the injected electrons Lns and 
whereby light absorbed affects the base current giving multiplication of photo current 
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6.2.2.3.1 Output Characteristics 
The measured common emitter electrical and optical characteristics of an InPlInGaAs HPT 
with ITO emitter contact is shown in Figure 6.43. Recall that the conventional ohmic 
contacts of these devices were not annealed and as a result have large emitter series 
resistance; its effect is apparent in the slope of the collector current. Otherwise, there is no 
noticeable difference in the device output characteristics with the base terminal physically 
disconnected or having base lead connected but the electrical base current, Ib set to zero. The 
wavelength of the optical signal was 780 nm. 
A = 780nm 
__ ----------- 2341lW 
1 
__ ----------------- 1421lW 
0.5 
___ ------------ 961lW 
0 ___ -------------------------- 491lW 
- - [b ;; 5~lf\ 
o -io~~----------------------------- 011 W 
0.0 0.4 0.8 1.2 
VeE (V) 
Electrical ouput characteristics _ Optical output characteristics 
base current step = 5JlA power shown in JlW 
Figure 6.43: Measured common emitter electrical and optical characteristics of an optically 
transparent emitter contact InPlInGaAs HPT fabricated using ITO. 11,= 780nm. 
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These results show that there is no significant degradation of the active substrate layers or the 
device characteristics as a result of r.f. sputtering used in the ITO deposition apart from those 
already discussed in section 6.2.2.2.4. It is also seen that at a constant illumination, the 
collector current is constant with the applied voltage indicating that there is no base width 
modulation or avalanche multiplication in the base/collector region. Figure 6.43 also shows 
that the HPT can be controlled both optically and electrically or by a combination of both 
sources. This represents the potential to use a single device for the simultaneous detection 
and amplification of an optical signal as well as its subsequent coupling with an electrical 
signal in a single device. 
Another notable feature of Figure 6.43 is that there is a shift in the collector offset voltage, 
~ V CEo, of the electrical and optical output of the photo transistor. Whereas the ~ V CEo is 
approximately 60m V for the electrical mode, the corresponding measured value for the 
optical output curves is 15m V. Recall that ~ V CEo arises from the inherent differences in the 
turn-on voltages of the emitter-base heterojunction and the base-collector homojunction. A 
lowering in Vt(B-E) or an increase in Vt(B-C) as a result of the induced photo voltage across 
either of these two junctions respectively could explain the apparent reduction in the offset 
voltage of the photo transistor. However, in view of the accepted HPT operation theory, it is 
likely that the actual turn on voltages for the junctions remain unchanged. Because the photo 
voltage across the base emitter is such that it seeks to forward bias that junction, the 
electrical voltage, which is the voltage which affects the ~ V CEo, required to turn on the p-n 
junction is much smaller. 
Figure 6.44 shows the optical characteristics generated by illuminating the device with a 
1310 nm laser. This shows the suitability of these devices for operation at 
telecommunication wavelengths. It can be seen that for a comparable incident optical power, 
the corresponding electrical output of the HPT is approximately five times greater than when 
it was illuminated by a 780 nm solid state laser. Another less desirable feature of this plot is 
that the slope of the output I-V curves is less and less steep at high current levels and is 
indicative of a presence of large emitter series resistance. This resistance, as discussed 
earlier, is associated with the ITO deposition process involving r.f. sputtering. No other 
obvious deleterious effects are noticed in the optical output characteristics of HPTs with 
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Figure 6.44: Measured optical output characteristics of an ITO emitter contact InPIInGaAs 
HPT. 
The d.c. current gain, J3 of the InP/InGaAs HPT was found to be 28 which is similar to those 
of devices fabricated on the same substrate material using conventional opaque emitter 
ohmic contacts. In order to understand the relationship between the optical gain and the d.c. 
current gain, the responsivity of the base-collector p-n junction diode was measured; note 
that this junction can also be effectively treated as a p-i-n photo diode. The experimental 
setup was kept the same as that for the HPT optical characterisation; the emitter terminal 
was electrically disconnected and the base terminal was activated. As before, a series of 
forward and reverse I-V plots were made under known optical illumination levels and the 
respective optical responsivities were calculated. These were then compared with the 
responsivity of the device operating under the three terminal device mode. 
Figure 6.45 shows the ratio of the responsivity of the InPlInGaAs HPT to the responsivity of 
the base-collector photo diode vs. optical power at A = 780 nm. From eqn. 2.46 (see section 
2.5), this ratio is approximately equal to J3, and is shown to be the case by our experimental 
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results. Similar measurements were made for a set of AlGaAs/GaAs HPTs and found to 
confirm the relationship between the optical gain G, the electrical gain ~ and the photo diode 
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Figure 6.45: Ratio of the responsivity of the InP/InGaAs HPT to the responsivity of the base-
collector photo diode vs. optical power at A = 780 nm. 
Since Figure 6.45 is also representative of the optical gain G, the relative flatness of this ratio 
versus the incident optical power should be noted. Given the similarly flat features ofthe d.c. 
current gain of these InPlInGaAs HPTs presented earlier in the thesis, one can conclude that 
SCR recombination in the base-emitter junction does not have any significant effect on the 
optical gain. In the presence of such "defect currents" the responsivity at low optical power 
would be significantly reduced as reported by many previous workers [112,191 ,201]. 
6.2.2.3 .2 Spectral Response and Absolute Responsivity 
Figure 6.46 shows the measured and simulated spectral response, normalised to the maxima, 
of the ITO emitter contact InPlInGaAs HPT. The measured spectral response is divided by 
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the blackbody radiancy (from the tungsten filament lamp in the monochromator) 
corresponding to each wavelength or is ' deconvoluted' to observe the actual device 
characteristics at various wavelengths. 
100 











Figure 6.46: Measured and simulated spectral response, SA., of ITO emitter contact 
InPIInGaAs HPT 
The long wavelength cut-off is determined by the absorption edge of the narrow-bandgap 
base and collector. For lno.53GaO.47As this corresponds to a wavelength of approximately 
1. 65 IJ.m. At shorter wavelengths « 0.95IJ.m), the photoresponse is limited by absorption in 
the InP emitter [202] as well as the ITO transmission and the monochromator grating 
efficiencies. The dip in the spectral response at around 1400nm corresponds to atmospheric 
absorption of radiation from the monochromator and is not a reflection of the device 
characteristic. This atmospheric absorption in the wavelength range 1340-1450nm is most 
likely due to moisture and C02 [203]. The suitability of the InPlInGaAs devices for 
operation at 1310 nm and 1550 nm wavelengths is again clearly demonstrated in Figure 6.46. 
The simulation model is discussed in detail in section 6.3 and has been the subject of a 
journal publication [204]. However, using this model, the adverse effect of the InGaAs cap 
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layer on the opto-coupling to the active base-collector layers was identified. A notable 
portion of the long wavelength (A > 960 nm) incident photons are absorbed in this first layer 
of the InGaAs material before arriving at the active absorption layers. Further study and 
optimisation is required to minimise this effect which reduces the overall coupling efficiency 
without sacrificing the good ohmic properties that are associated with the InGaAs cap layer. 
Any mismatch between the simulation and the measured data is due to the uncertainties in 
the literature for the optical properties of the materials used, the lack of absolute device layer 
dimensions and the atmospheric absorption around 1400 nm. 
It is seen that the peak responsivity for these InPlInGaAs HPTs is around the 1200 nm 
wavelength. From a telecommunications applications perspective, ideally the peak should 
correspond to 1550 nm. In order to achieve this, the overall width of the active absorption 
region (the base and the collector thicknesses) need to be increased. As increasing the base 
width would swiftly reduce the device gain [201], the collector layer thickness would be the 











'A, = 1310nm 
'A,= 780 nm 
• • • 
o -+---,---,---,---,---,---.---.---.---,---,--
o 100 200 
Optical Power (/-1 W) 
Figure 6.47: Responsivity vs. optical power for InP/InGaAs HPT at A = 780 nm and 1310 nm. 
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Device responsivities of up to 30NW and 22NW at 1310 nm and 1550 nm wavelengths 
respectively were suggested by the spectral response measurements normalised to 780 nm. 
Figure 6.47 shows the measured absolute responsivities vs. optical power for InPlInGaAs 
HPT at A = 780 nm and 1310 nm respectively. The responsivity of these HPTs at A = 780 nm 
was 5.4NW, and as expected, the responsivity at A = 1310 nm was found to be 28NW. This 
is about five times the value at 780 nm as shown in the normalised spectral response in 
Figure 6.46. Although greater absolute responsivities have been reported for opaque 
InPIInGaAs HPT devices [95,190], our low values can be attributed to the relatively low 
internal d.c. current gains of the devices rather than poor external optical coupling efficiency. 
Finally, the measured and normalised spectral response of Alo.3Gao.7As/GaAs (wafer no. 1-
1408) and InPlIno.53Gao.47As (wafer no. 3-089) HPTs with ITO emitter contacts are presented 
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Figure 6.48: Measured spectral response, SA, of ITO emitter contact Alo.3Gao.7As/GaAs 
(wafer no. 1-1408) and InPlIno.53Gao.47As (wafer no. 3-089) HPTs. 
Apart from the obvious difference in the bandwidth of the respective spectral response for the 
t'f" HPTs fabricated from the two different material systems, there is in fact a similarity between 
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them. In contrast with some of the results in the literature, both AIGaAs/GaAs and 
InPlInGaAs HPTs used in this study have spectral responses which rise gradually to a 
rounded peak and drop off steadily. Spectral response for HPTs made from these material 
systems as well as other semiconductor compounds have been studied by a number of 
workers: [82,112,205] (AIGaAs/GaAs); [202] (InPlInGaAs); [206,207] (InP/lnGaAsP); and 
[84] (GaAs/Ge). Much of their work involved devices with very wide device layers (which 
were typically 5 to 6 times greater than those in the devices used in this study). As a result, 
the responses in the literature have very sharp edges and often a flat peak. While the rapid 
drop at the higher wavelengths is attributable to a thick absorption layer, a sharp rise at the 
lower wavelengths is most likely due to the absence of a narrow band gap cap layer over the 
emitter "window" in most of the early studies reported in the literature. 
In these devices, absorption begins in the cap layer, followed by the emitter, then the 
cumulative base/collector volume. Photo generated electron-hole pairs in the cap and the 
emitter layer do not undergo amplification by the transistor action, and therefore only give 
rise to a relatively small response. On the other hand photons absorbed in the active region 
are amplified and are represented in the peak of the response. Therefore, the electrical gain 
of the photo transistor plays a significant part in shaping the overall spectra] response; the 
other parameters include the material system, the thickness of the layers and other design 
constraints. 
This point is illustrated in the results presented in Figure 6.48. The AIGaAs/GaAs device has 
a relatively ]ow gain of 10 compared to nearly 30 of its InP/InGaAs counterpart. The spectral 
response largely due to the wide gap Alo.3GaO.7As material is represented in the shoulder to 
the left of the peak on the first curve; in case of the second curve belonging to the 
InPlInGaAs device, the spectral response due to the InP material is hidden under the 
amplified response from the InGaAs base/collector and hence there is no similar shoulder on 
the left hand side of the peak. 
6.2.2.3.3 Top versus Edge Coupling and Design Considerations 
In the absence of transparent contacts, coupling from the top becomes increasingly difficult 
as the emitter contact area is reduced in order to maximise the device bandwidth. 
Furthermore, for devices with non-absorbing collectors, such as double heterojunction 
bipolar transistors (DHBTs), very little absorption occurs when the incident light is 
introduced from the top. The situation is similar to TG-HEMTs where the vertically stacked 
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thin absorption layers do not provide sufficient depth for adequate photo generation and 
collection. This principle is further discussed in the following section, 6.3. 
Therefore, by introducing the light from the edge of a HPT overcomes some of the 
limitations referred to earlier. Collection of photo-generated electron-hole pairs is 
maximised as the absorption volume now extends laterally across the device rather than 
vertically down it and therefore stretches over several carrier diffusion lengths. Wake et al 
have demonstrated high speed InPlInGaAs HPTs with quantum efficiencies of around 50% at 
an incident wavelength of 1480nm [95]. Inherent optical wave guiding is achieved in this 
structure since the absorption volume consisting of InGaAs is effectively clad by InP emitter 
and substrate; this is because InP has a lower refractive index than InGaAs. 
A drawback, however, of this system is that the combined heights of the base and the 
collector (0.5J.lm) is still only a fraction of the minimum achievable laser beam diameter ( for 
a lensed fiber this is > 2/-lm). As a result the coupling efficiency is greatly reduced. An 
investigation with the InGaP/GaAs HBTs with ITO contacts fabricated in this study to 
examine this effect however showed that the overall quantum efficiency at 780 nm for these 
devices was 50% and 40% for top and edge illumination respectively (discarding electrically 
induced gain of the device). However, it should be noted that these devices do not have a 
wide bandgap substrate which serves as a waveguide. Hence, a more careful comparison 
needs to be performed using InP/lnGaAs devices at an appropriate wavelength where the InP 
is effectively transparent and the InGaAs material is highly absorbing. Since the absorption 
edge of InP is approximately 920 nm (Eg = 1.35 eV) a 1310 nm laser would be highly 
suitable. 
The external coupling efficiency in the edge coupled device can be increased by introducing 
a InGaAsP quaternary sub-collector below the InGaAs collector [208]. The InGaAsP has a 
refractive index which is between that of InGaAs and the InP semi-insulating layer. Thus 
introducing a thick InGaAsP based sub-collector not only increases the absorption volume 
but also acts as an additional optical waveguide to further improve the quantum efficiency. It 
should be noted that insertion of this additional layer in the InP HPTs also has the same 
potential advantage for a top illuminated device with a transparent emitter ohmic contact. A 
rigorous theoretical investigation of the performance limits of conventional p-i-n photo 
detectors when illuminated from the top and from the edge has been carried out by Kato et al 
[209]. 
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6.3 Spectral Response of Photo detectors 
In photo detectors the efficiency as a function of wavelength 'A strongly depends on the 
absorption coefficient a('A) [210]. The struggle to improve individual devices as well as 
integrate a number of functions on a single chip has led to a need to better understand the 
associated material properties. Therefore, accurate values of the refractive index, n, and the 
absorption coefficient of the materials used in the device structure are needed for proper 
device tailoring. A knowledge of these properties and their variation with material 
composition and wavelength is fundamental to the understanding of almost any conceivable 
travelling wave device [211]. 
Since the optical properties of materials vary according to their composition, only the 
systems with demonstrated importance in optoelectronics and device performance i.e. 
technological relevance will be considered. In the case of AIGaAs/GaAs HETs, the preferred 
system consists of 27% Al and 73% Ga in the high bandgap Alo.27Gao.73As emitter which is 
lattice matched to the underlying GaAs base. On the other hand, InP/lno.53Ga0.47As HETs 
are usually grown on Fe doped InP substrates. Hence, the collector and base materials have 
to be lattice matched to InP; the preferred composition in this case is 53% In and 47% Ga in 
the Ino.53Ga0.47As cap, base, collector and sub-collector layers. 
In this section the refractive indices of the materials are first presented followed by the 
respective absorption coefficients. A table showing the minority carrier diffusion lengths in 
each of these materials is also shown. A model, to simulate the measured spectral response, 
SA., based on the principles of light transmission, absorption and reflection in different 
semiconductor materials is presented for the first time and shown to have extremely good 
correlation with the experimental data. 
6.3.1 Spectral Properties of Relevant Materials 
Device parameters such as the doping concentrations, the semiconductor layer thickness as 
well as the material properties such as the absorption coefficients, a, and the refractive 
indices, n, were used from the literature for the purpose of simulation [212,213,214,215] . A 
100% collection efficiency is assumed for any electron-hole pairs photo generated inside the 
depletion region or within a diffusion length from it in the bulk material. 
Figure 6.49 shows a plot of the experimentally measured refractive indices vs. wavelength for 
GaAs, AIGaAs, InP and InGaAs materials; the relevant data was obtained from the literature. 
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It is clearly seen that for the AIGaAs/GaAs system, the refractive index for the narrower 
bandgap material is greater than that of the large bandgap counterpart. This is property is 
often used to design solid state optical waveguides, rather like optical fibers, to confine light 
inside a narrow bandgap material which is inserted between two layers of large bandgap 
material. The same can be noticed for the InPlInGaAs system. Indeed, this property is often 
a prime advantage for edge coupled optical detectors such as double heterojunction 
phototransistors made from the latter system. 
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Figure 6.49: A comparison of the refractive indices for various semiconductor materials as a 
function of wavelength. (After ref. [212-215]) 
The optical data used for GaAs and Alo.27Gao.73As layers were obtained from the work by 
Aspnes et al [216]. 2 to 3 J..lm thick layers of AlGaAs were grown on Cr doped semi-
insulating GaAs substrates by LPE. This work provides room-temperature pseudo-dielectric 
and related optical function data for AlxGal_xAs alloys for compositions x from 0.00 to 0.80 
in steps of approximately 0.10. Hence, for the data used in the model in the case of GaAs, x 
is assumed to be zero and in the case of AlGaAs, x is assumed to be 0.3. The data was 
measured using an automatic rotating analyser spectro-ellipsometer. The authors report that 
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the detailed analysis of similar samples showed that typical differences between actual and 
target AI compositions do not exceed 0.03. Furthermore, they conclude that the data are 
accurate to within 2% of peak values for x::; 0.5, the region of relevance for this study. 
The optical data for InP is obtained from the work by Forouhi et at [213]. These spectral 
functions are deduced by indirect methods: they are determined through measurements of one 
or more extrinsic optical parameters which depend on them such as reflectance, 
transmittance and phase angle. Typical methods for determining the functions include: 
Kramers-Kronig analysis, comparison of measured and theoretical reflectance values, 
spectroscopic ellipsiometry and modulation spectroscopy. 
Finally, the data for InGaAs lattice matched to InP is based on the table by Adachi [214] for A 
::; 0.83 J..lm and the work by Jenkins et at [215] for 1.0J..lm ::; A ::; 1.7J..lm. The table by Adachi 
relies on high precision pseudo-dielectric function spectra ellipsiometrical measurements at 
room temperatures on LPE grown InGaAs materials. 
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Figure 6.50: A comparison of the absorption co-efficients, a., versus the wavelength for 
various semiconductor materials. (After ref. [212-215]) 
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Figure 6.50 shows the optical absorption co-efficients, u, for GaAs, AlGaAs, InP and InGaAs 
materials as a function of wavelength. From these plots, it is apparent that the absorption 
drops sharply at the edge of the respective bandgaps of each of these materials. 
In addition to considering the optical properties, it is instructive to consider the electrical 
diffusion properties of these materials since almost all photo detection significantly depends 
on the diffusion fields in the absorption volumes. These are listed in Table 6.28: 
'" '.' 
Doping Concentration Minority Carrier 
Material 
" ~'." )" '" !;i;";1, ~\ 
References [~-3] Diff. Length [J.1m] 
, ,1;;; i"W . 
'" ''''. 
-r ; .,i' ;e' " ', .", 
" " 
~j 
n- GaAs 2xlO16 (ND) 1.8 (hole) 217 
+ 
n - GaAs 2xlO18 (ND) 1.2 (hole) 217 
+ p - GaAs lxl0 19 (NA) 2.5 (electron) 218 
n - Alo.27Gao.73As lxlO17 (ND) 0.3 (hole) 219,220 
n- InP 3xlO17 (ND) 0.24 (hole) 221 ,222 
n - Ino.53Gao.47As 2xlO16 (ND) 0.4 (hole) 223,224 
+ p - Ino.53Gao.47As 1 - 4xlO19 (NA) 0.4 - 4.0 (electron) 223, 225, 226 
Table 6.28: Minority Carrier Diffusion Lengths of Various Materials 
The doping densities in the above table have been chosen to represent the actual layers in the 
detector devices as closely as possible. Wherever data for exact specification was not found, 
the closest value with respect to doping concentration or in case of ternary materials the 
percentage composition was selected. 
It should be noted that the minority carrier diffusivity is much more difficult to determine 
than the majority-carrier mobility [227]. Workers often extrapolate majority carrier mobility 
values to minority carrier values at the same doping level. For example to estimate the 
minority electron mobility at doping level NA, one uses the electron mobility in n-type 
material at doping density ND. 
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6.3.2 Spectral Response Model for a Monolayer Detector 
As discussed earlier in Chapter 2, a semiconductor photo detector is capable of detecting only 
radiation with photon energy, hv, greater than the bandgap, W g' of the device material. If 
however, hv is much greater than W g, then the absorption will take place entirely near the 
surface. This is because as the photon energy increases, their penetration depth decreases. 
Hence, the electron hole pairs created by absorbing the high energy photons near the surface 
of the detecting device (Le., away from the junction or the adjacent diffusion fields) will 
recombine with majority carriers before diffusing into the depletion layer. This event does 
not contribute to the current flow and is not detectable. 
Assuming the basic principles of optical detection are applicable, photo generation takes 
place where incident photons with super bandgap energies create electron-hope pairs; 
however, for these photo generated pairs to give rise to an external current, they must be 
collected before recombination leads to their annihilation. This can only occur if the photo 
generation takes place within the absorption volume which consists of the depletion region 
and the two diffusion regions on either side of it. As Table 6.28 demonstrates, the materials 
involved in this study, AIGaAs, GaAs, InP and InGaAs all have a diffusion length typically in 
the region of a few micrometers while the devices have active layers which have thicknesses 
usually a fraction of or smaller than these values. This means that in all cases the photo 
generation takes place within the absorption volume, hence justifying the assumption of a 
100% collection efficiency. Let us consider one of the layers of the photo transistor, layer 2, 
bounded at 'A' by layer 1 and at 'B' by layer 3 as shown in Figure 6.51 below: 
Layer 1 Layer 2 Layer 3 
x=a x=b 
('"TO". .",_ 
= (C1»l(A) - (f)1Ift(1» 
- (f)1bI2(A) - _ __ ta 
Figure 6.51: Schematic of optical flux propagation, absorption and reflection for a 
multilayered semiconductor device 
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Each of these layers is assumed to have homogenous material properties and constant doping 
concentration. Thus the flux absorbed as a function of the wavelength, A, for layer 2, 
<l>abs2(A), can be expressed as: 
<I> ('1) - [<I> ('1) <I> ('1)] { -[ao.2(,,-)] -[bo.2(,,-)]} abs2 I\, - 1 I\, - Refl I\, x exp - exp (eqn.6.17) 
where, 
<1>1 = the incident flux from layer 1 at the layerlliayer 2 interface 
a2 = the absorption coefficient of layer 2, 
a = the distance of the first boundary of layer 2 from the air/ITO interface 
b = the distance of the second boundary of layer 2 from the air/ITO interface 
<l>refl = the reflected flux from layer 1 at the layerlliayer 2 interface; 
this is given by [132]: 
(eqn.6.18) 
where, 
nl = refractive index oflayer 1 at a given A 
n2 = refractive index of layer 2 at a given A 
In the case of layer 1, here being the ITO contact, the incident flux is calculated from the 
measured transmission spectrum of the ITO layer and the two reflections at the airlITO and 
ITO/cap interfaces. 
Thus, for a given device made of a homogeneous material (e.g. GaAs), the thickness required 
to absorb a given fraction of the incident light increases sharply as its absorption co-efficient, 
a, drops (or as the penetration depth increases). As shown earlier in Figure 6.50, for most 
direct bandgap semiconductors, the absorption co-efficient sharply drops near the band edge. 
The effect of a change in a is clearly demonstrated in Figure 6.52 by plotting the fraction of 
the incident light absorbed vs. absorption layer thickness (difference between 'b' and 'a') 
using (eqn. 6.17) for three different values of the absorption coefficient. 
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Figure 6.52: Calculated effect of absorption thickness on the amount of light absorbed for 
different values of absorption co-efficients 
Conversely, as the energy of the incident photons approaches the band edge of the 
semiconductor material, thicker and thicker absorption layers are required in order to 
produce a given number of photo generated electron hole pairs. Taking these factors into 
account, it follows that for a given material system at a given wavelength the response is 
greater for the structure which has the thicker absorption region. Figure 6.53 shows the 
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Figure 6.53: Calculated effect of absorption layer thickness on the spectral response for a 
monolayer detector 
It is seen from Figure 6.53 that not only is the overall peak of the response reduced as a result 
of having a thinner absorption layer, but there is also a distinct shift in its shape. Reducing 
the thickness by an order of magnitude shifts the peak to a lower wavelength corresponding 
to a higher energy. This is because for a thinner absorption layer, only the photons with high 
energy (or for which the material has higher absorption co-efficients) have the optimum 
match between the (low) penetration depth and the absorption thickness. Therefore there is a 
fundamental influence on the spectral response of a photo detecting device purely arising its 
geometrical dimensions. Hence, this model is able to exploit yet another design parameter 
for such a device to optimise and tailor its response according to specific requirements. 
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6 .3 .3 Spectral Response of an ITO/n-GaAs Schottky Diode 
In order to demonstrate the model, the measured and simulated spectral responses of an 
ITO/n-GaAs Schottky photo diode will now be presented. This device is so chosen as it 
consists of a single material (n-GaAs) absorption layer. The structure of the device is the 
same as those presented earlier in section 6.1.2. 
Figure 6.54 below shows the measured and simulated results of the spectral response of such 
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Figure 6.54: Comparison between measured and simulated Spectral Response of an ITO/n-
GaAs Schottky Diode 
This device is represented by modifying (eqn. 6.17) and using the basic principles to 
determine the amount of actual absorption in the active layer of the photo diode. Therefore, 
the responsivity, R as a function of the wavelength, A for the Schottky diode is given by: 
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R(A) = <Do(A) X [1 - RI(A)] X TITO (A) X (1-R2(A)) X <Dabs(A) (eqn.6.19) 
where, at a given wavelength, 
<Do = the flux incident at the airliTO surface 
RI = reflection caused at the airliTO interface 
TITO = transmission of ITO 
R2 = reflection caused at the ITO/GaAs interface 
<Dabs = flux absorbed in the semiconductor active layer (calculated using (eqn. 
6.17)) 
The spectral response, SA, can thus be found by integrating over the entire operational 
wavelength range: 
Sl = fR(A)dA (eqn.6.20) 
6.3.4 Spectral Response of a HPT with ITO Emitter Contact 
For the HPT the generic equation (eqn. 6.20) is used for each layer in succession with the 
appropriate values of a, n and the layer thickness to determine the theoretical absorption; in 
order to calculate the absorption in each layer, any reflection and absorption in previous 
interfaces and layers is thus accounted for. Subsequently, the device responsivity at a 
particular wavelength is given by: 
RHPT(A) = <Dcap(A) + <Demitter(A) + <Dcollector(A) + ~ [ <Dbase(A) + <Dcollector(A)] (eqn.6.21) 
where 
<Dcap, <Demitter, <Dbase and <Dcollector are the respective fluxes absorbed in the (n +-GaAs or n +-
InGaAs) cap layer, the (n-AlGaAs or n-InP) emitter, the (p +-GaAs or p +-InGaAs) base and the 
(n-GaAs or n-InGaAs) collector at a given wavelength, while ~ is the common emitter 
current gain of the transistor. 
Hence, the spectral response, SA, IS found by integrating (eqn. 6.21) over the entire 
operational wavelength range: 
(eqn.6.22) 
239 
Chapter 6: Application ofITO Contacts - Results and Discussion 
The simulated and measured spectral responses of the AlGaAs/GaAs (wafer no. 1-1408) 
HPTs are shown in Figure 6.55. The corresponding plot for the InP/InGaAs (wafer no. 3-





































Figure 6.55: Measured and simulated spectral response, SA" for AIGaAs/GaAs HPT devices 
with ITO emitter contact (V CE = 2V). 
Some of the apparent mismatch between the simulation and the measured data is due to the 
uncertainties in the literature, the lack of absolute device layer dimensions and non-linear 
effects of the monochromator around 800nm (for the AlGaAs/GaAs case) and the 
atmospheric absorption around 1400nm (for InPlInGaAs devices) as discussed in section 
6.2.2.3. 
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7. Conclusion 
In order to investigate the use of optically transparent indium tin oxide (ITO), a range of 
technological steps were developed and optimised during the course of this study. These 
include reactive r.f sputtering, reactive ion etching, careful optimisation for producing ideal 
Schottky contacts, annealing for producing good ohmic contacts using ITO and metal ohmic 
contacts on ITO itself A number of novel optoelectronic devices were fabricated as a result 
including: transparent metal contact Schottky photo diode [228], transparent gate HEMT 
(TG-HEMT) [79], transparent electrode VCSELs [88] and LEDs and transparent emitter 
contact HPTs [2]. 
7.1 ITO Deposition 
A reactive r.f. sputtering technique using an argon/oxygen mixture was utilized for the 
deposition of the Indium Tin Oxide films from a hot pressed target. A number of deposition 
parameters and their effects on the films were studied in detail. In particular the partial 
pressure of gaseous oxygen, P02, in the plasma and the r.f. power, directly affecting the 
deposition rate, were found to be amongst the most influential. While the conductivity was 
found to be inversely proportional to the exponential of the P02, the transparency reduced 
significantly in the absence of sufficient oxygen. The r. f. power was directly proportional to 
the film conductivity. These parameters were then optimised to maintain the desired 
combination of high transparency and conductivity properties of the films and to minimise 
sputter damage to the substrate material constituting the active device layers. The critical 
values for P02 and the r.f power used were 14x1O,3 (at a total pressure of approximately 10 
mTorr) and 150W respectively. 
Using this technique, highly conductive unifonn ITO films were obtained. The as deposited 
sheet resistance, Rsh, was typically 340 Q/O which reduced to 27 Q/O after annealing. 
These values correspond to resistivities of 190x 10-4 Ocm and 15x 10'4 Ocm respectively and 
compare favourably to those in the literature. Above 90% transmittance was achieved for 
these ITO films over the 500nm to 2000nm wavelength range. This corresponds to 2.48eV to 
0.62eV energy range which covers majority of the III-V compound semiconductors such as 
AlAs, AIGaAs, GaAs, InP and InGaAs as well as Si and Ge. For a typical ITO film, the value 
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of the bandgap calculated from the transmission spectra was found to 3.8eV, which is in 
close agreement 'Nith previously published work. 
7.2 ITO-based Microfabrication 
Driven by the need to produce near mIcron structures with ITO films, a number of 
experiments were carried out to develop a suitable method for micro-pattering these films. 
Due to the energetic species inside the sputtering chamber, resulting in baking of the 
photoresist, liftoff lithography was rendered unsuitable. Wet chemical etching involving a 
number of chemicals, such as HCI, HN03 etc., in various strengths as well as Zn dust as a 
catalyst were tried and were also found to be unsatisfactory for this delicate application. 
Finally a selective dry etching technique based on reactive ion etching (RIE) ,.,.ith Ar gas was 
developed; a loooA thick layer of Al metal was used as the mask. As well as having a very 
good selective etch ratio of greater than 4: 1 for AUTO, the use of Ar as the plasma gas is 
both cheaper and safer. Two micron fingers were successfully produced using this etching 
technique. The optimum r.f power and the chamber pressure RIE system was found to be 
lOOWand II mtorr respectively. 
Two distinct sets of post deposition annealing techniques were developed. One of these was 
to obtain an ITO/n-GaAs Schottky diode with rectifying contact with low series resistance 
while retaining the diode parameters for a good device. A two step process extended over 
several hours was used to ensure the reduction of ITO film resistivity and the recovery of 
sputter damage from the substrate without affecting the rectifying properties of the device. A 
five hour anneal at 240°C followed by another five hours at 340°C in a N2 ambient was 
found to produce these desired results. 
The other annealing technique was developed to produce a heterojunction photo transistor 
with essentially an ohmic contact to the emitter cap layer. Given that the stringent 
requirement not to destroy a rectifying junction is no longer applicable, the realisation of an 
ITO ohmic contact proved to be more difficult than at first imagined. Traditional annealing 
techniques with R T A or dual alloying methods were unable to produce good uniform ohmic 
contacts. Thus a new technique involving a step-like annealing method was employed. 
Samples were at first gently heated at lower temperatures (240°C) for relatively longer 
periods (3 minutes) and gradually the annealing temperature was increased to up to SOO°C 
where it was placed for a shorter time (l minute); the sample \vas cooled using the reverse 
temperature/time combination. 
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Using both these techniques, the resultant ITO resistivity was found to be approximately 
14xlO-4 0cm. This compares well \\lith the published data. 
Bearing in mind the need to form large metal pads for connection to external circuits, a set of 
experiments were performed to assess various metalisation schemes for making contacts to 
the ITO films themselves. These metalisation systems were NilAuGelNilAu, NilAI and 
Ni/AuGelNilTilAu; as well as the ohmic properties, mechanical adhesion was also a factor 
in these assessments. It was concluded that in the absence of an adhesion promoting layer 
such as Ni, the use of say only a layer of Au was unsuitable. Comparing the electrical 
properties of the three metalisation systems investigated, it is noticeable that their unalloyed 
characteristics were very similar (Rsk and Pc in the region of 50nJO and 3xlO-4 Ocm2 
respectively) despite the fact that the sheet resistances of the corresponding ITO material 
varies over a much greater range (1273010 to 665 nJO). The Rsk after alloying for all three 
metalisations lie approximately in the range 1 to 2 nJO while Pc lie in the range 3 to 8 xlO-5 
Ocm2. Thus all three systems are equally suited for contacting ITO films as there is very 
little difference between them. 
7.3 Optically Transparent Schottky Diodes 
Following thorough cleaning and pre-metalisation chemical etch to the surface of MBE (Si) 
grown, n-GaAs wafers with No = 1.4xl0 16 cm-3, 1.75).lm thick active layers, near ideal 
Schottky diodes were produced using Au and Al as the metal contacts. The ideality factor, n, 
--the barrier height, $00, and the modified Richardson constant, A ,for the Au/n-GaAs devices 
6 -2 -2 d· were 1.04, 0.84 eV and 12.5xlO Am K ; the correspon mg values for the AlIn-GaAs 
diodes were 1.08, 0.77 eV and 16.0x104 Am-2K-2. These values for both sets of devices are 
in good agreement \\lith the findings of other researchers. The Schottky diodes were also 
characterised over a wide temperature range to provide a thorough understanding of their d.c. 
perfonnance. The results analysed using a simulation model involving the influence of 
various current transport mechanisms at different temperatures. Excellent agreement was 
found between the measured and the simulated data. 
In the quest for replicating near ideal Schottky diodes with an ITO film replacing the 
conventional metal contact in the previous set of diodes, numerous experiments were 
perfonned to finally achieve the desired goal. As well as thoroughly cleaning the wafer prior 
to ITO deposition, a number of sputtering parameters had to be optimised. Some of these, 
such as r.f. power and P02 and the relevant post-deposition annealing techniques, have 
243 
Chapter 7: Conclusion 
already been discussed earlier. In addition, a thin layer of Indium metal, looA, deposited 
between the ITO and the semiconductor was found to be effective in shielding the substrate 
from sputter damage. Thus ITO/n-GaAs Schottky photo diodes were realised with the 
following characteristics: n = 1.1, %0 = 0.76 eV, dark current at -2V = 50 nA, series 
resistance = 25 .8 fl, responsivity to 780 nm radiation = 0.57 AIW and an external quantum 
efficiency, 11 = 91 .5%. These are amongst some of the best results obtained thus far and 
compare better than many reported in the literature for similar devices. Thus near ideal, 
ITO/n-GaAs Schottky diodes with low leakage current, low series resistance and high 
responsivity have been fabricated on n-GaAs epitaxial layers. 
The effect of mesa etching, rJ. power, use of a thin layer of indium and gradual annealing at 
340°C have been studied and optimised to produce near ideal photo diodes. Mesa etching 
significantly reduces the surface leakage current thus suppressing the dark current. 
Increasing the r. f. power reduces the sheet resistance of the ITO film but causes greater 
damage to the substrate; this damage can be minimised by depositing a thin layer of indium 
on the GaAs substrate prior to sputtering and the damage can be removed by gradual 
annealing. 
A detailed C-V analysis was carried out to separate the effects of sputter damage from 
associated series resistance. It was concluded that sputtering causes two types of damage: 
(a) donor like effect at the surface results from knocking of Arsertic atoms by relatively large 
Argon ions in the plasma 
(b) damage induced traps due to high velocity particles penetrating deeper into the substrate 
are thought to be the cause of a progressively falling free charge carrier profile. 
This requires further detailed study to understand both the cause and the nature of these 
defects. 
These novel ITO/n-GaAs devices were then subject to cryogenic measurements similar to 
their conventional opaque counterparts. From the measurements, the modified Richardson 
.. . 4 -2-2 
constant, A , for these deVices were found to be 1.3 x 10 Am K , and to the best of our 
knowledge this is the first time it is being reported for ITO/n-GaAs devices produced by 
reactive r.f. sputtering. 
Having thus obtained relatively large ITO/n-GaAs Schottky photo diodes, high speed diodes 
can be achieved by shrinking the active region; parasitic capacitances and leakage currents 
can be reduced by a combination of proton bombardment and mesa etch isolation techniques. 
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7.4 Transparent Gate HEMTs 
As an extension of the work with ITO/n-GaAs Schottk-y diodes, a set of novel pseudomorphic 
HEMTs with a transparent gate (TG-HEMT) were fabricated using transparent indium tin 
oxide for the first time. These AlGaAslInGaAs/GaAs pseudomorphic HEMTs (pHEMTs) 
with ITO gate electrodes have an optical responsivity greater than SAIW corresponding to an 
external quantum efficiency of greater than 800% for an incident radiation of A= 780nm. A 
set of conventional devices were also fabricated for comparison using opaque Ti Schottky 
gates. This was performed in collaboration with another researcher in the group to 
demonstrate the viability of such devices and greater detail is available in [229]. 
7.5 Optically Transparent ITO Ohmic Contacts 
The next part of this thesis involved the fabrication of good ITO ohmic contacts to highly 
d · d I (N S 018 -3 19 -3 f con uchve n an p type ayers D = xl cm, NA = 5xlO cm) 0 GaAs and n-type 
InGaAs layers (ND = 3xlO 18 cm-\ The objective was to realise good transparent contacts to 
the emitter of HBTs for vertical illumination of an optical signal. The TLM method was used 
for assessing the quality of these contacts. In each of these cases, the transparent ohmic 
contacts were compared to ohmic contacts made from conventional metals on the same 
substrates to enable a direct comparison to be made. 
For the ITO/n +-GaAs contacts, the insertion of a thin layer of In metal between the 
semiconductor and the transparent film was found to be very effective in enhancing the 
ohmic properties of the contact. Although initially this reduced the transparency to nearly 
60%, this parameter was restored to above 90% following the ohmic contact annealing 
scheme discussed earlier. It is believed that In acts as a doping species in n-type GaAs 
thereby reducing the specific contact resistance. The best transfer resistance, Rt, and the 
specific contact resistances, Pc, achieved in each case were as follows: Rt = 0.68 Omm, Pc = 
-4 2 + -5 2 + 1.2xl0 ncm (n -GaAs)~ Rt = 0.490mm, Pc = 7.6xlO Ocm (Infn -GaAs). Thus the 
superior quality of the ITO/1nfn + -GaAs over the ITO/n + -GaAs ohmic is clearly demonstrated 
[230]. The corresponding values for the conventional contacts realised using the 
Ni/AuGelNilAu metalisation system, were as follows: Rt = O.lOnmm, Pc = 3.1xlO-
5 Ocm2. 
The values achieved for these parameters in case of the ITO/p + -GaAs contacts and their 
conventional counterparts fabricated using AulZnfAu metalisation system were Rt = 
O.SSOmm, Pc = 3.2xlO-5 ncm2 (ITO); and Rt = 0.07nmm, Pc = 5.lxlO-6 ncm2 
245 
Chapter 7: Conclusion 
(conventional) respectively. Although comparably good transparent ohmic contacts were 
achieved on p + -GaAs substrates, the increased di tTerence between the transparent and their 
opaque counterparts is attributable to the absence of any obvious dopant species in the ITO 
contacts. Despite this absence, the main reason behind realising good p-type transparent 
ohmic contacts is likely to be due to the high substrate doping alone. 
The results for the ITOln +-InGaAs contacts and their conventional counterparts were as 
follows: Rt = 0.370mm, Pc = 7.1xlO-
s Ocm2 (ITO); and Rt = 0.10 Omm, Pc = 3.1xlO-5 
Ocm2 (conventional). 
A brief surface morphology examination of the ITO contacts and subsequent comparison 
with the conventional metal contacts revealed some interesting results. It was seen that there 
was significant "balling-up" on the surface of the conventional contacts to the n +-GaAs 
substrates. The diameter of an average "mound" is approximately 5~m - comparable to, if 
not larger than, the dimensions involved in emitter finger widths of microwave HBTs. This 
effect is reduced but nevertheless it is still present in the p-type contact. By contrast, the 
metal on the ITOln + -GaAs surface was smooth suggesting that there is no liquid phase 
reactions involved in the latter ohmic contact and ITO acts like a capping (such as Ti/Au) or 
a diffusion barrier (such as ZrB2) layer preventing the intermixing of the top-most Au layer 
with the substrate causing the balling effect. Its demonstrated excellent surface morphology 
and edge definition is an added advantage in the fabrication of small geometry optoelectronic 
devices. This observation is further correlated by the fact that Sn present in ITO is also 
kno\\-1l to take part in solid phase reactions to n-GaAs in the formation of good ohmic 
contacts. However, like other solid phase schemes, such as PdlGe or PdlSn, the resistance is 
higher than that obtained for the Ni/ AuGelNii Au liquid phase n-type contact. 
7.6 Optically Transparent HPTs 
The penultimate part of the study concerned the study of heterojunction bipolar transistors 
fabricated on three different material systems: AIGaAs/GaAs, InGaP/GaAs and InPlInGaAs 
respectively [231]. This was followed by realisation of their counterparts fabricated using 
transparent ITO as the emitter contact. The measured electrical (d.c.) properties of the HETs 
were then analysed. At first a comparison between the opaque and transparent set of devices 
was made; this was followed by a comparison between the HETs fabricated from the 
different material systems. This electrical performance analysis was followed by an 
extensive study of the suitability of these devices as phototransistors [232]; a very brief 
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demonstrational work was performed to compare the results of vertical illumination versus 
edge illumination. 
One of the consistent findings from the electrical study was that the emitter series resistance 
for the ITO emitter contact devices was higher than those with conventional metal contacts. 
This directly affected a number of other parameters of the transparent emitter contact 
transistors such as the offset voltage which was higher compared to their conventional 
counterparts. Further investigation revealed that the high series resistance could not be 
attributed to the resistance of the ITO layer or to the cap layer resistance alone. It also 
became apparent that the total contact resistance of the conventional devices also had other 
resistive components, albeit much less significant in comparison to the r.f sputtered contacts. 
The additional resistance in the transparent contact must therefore be due to some sputter 
induced damage to layers deeper than the cap layer. It was also observed that the thin layer 
of In helps reduce this effect because preliminary devices without this intermediate metallic 
film had even larger Ree'. More detailed study is necessary to investigate this source of 
resistance and further reduction in the emitter resistance may be achieved by using a thicker 
layer of indium without causing significant reduction to the transmittance of the ITO contact. 
A study of the Gummel plot showed that the overall reduction in Ie vs. Vbe in comparison 
with the metal contact devices again points to the likelihood of possible damage caused to 
the emitter layer during r.f sputtering which was not fully recovered during the ohmic 
contact annealing. This deep damage results in an increased base ideality factor suggesting 
increased SCR recombination at the base-emitter junction and also possibly greater base bulk 
recombination; As a result, the measured d.c. gain, ~ is consistently lower for the ITO 
emitter contact devices. 
A study involving the C-V measurements on both these sets of devices suggested that there 
was a noticeable change on the doping profiles of emitter layers in the HBTs due to r.f. 
sputtering and that this does indeed give rise to a donor like effect in the affected regions. 
Recall, this is consistent with the findings of the work on the ITO/n-GaAs Schottky photo 
diodes. Furthermore, as there is no significant change in the collector doping profile, it was 
assumed that the sputtering effects are confined before the collector layer. Since the C-V 
profiling technique cannot yield the doping profile of the already highly doped p + GaAs base 
region, it is not possible to make definite conclusions based on these measurements about the 
effects of r. f. sputtering on that region. 
A final feature of this work is the relationship bet\veen the effect of r.f. sputter induced 
damage on the base-emitter interface and the depth of this junction from the surface of the 
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wafer. For example in the work with the InGaP/GaAs HBTs, it was seen that the base 
ideality factor for ITO contact devices fabricated on a wafer \\-;th a shallower base of 2725A 
(this figure being the sum of the cap and the emitter layers) is 1.25 in comparison to 1.09 of 
their opaque counterparts indicating presence of sputter induced damage giving rise to 
increased SCR recombination at the heterojunction; in contrast, the difference in the nrb 
between ITO and metal contact devices is insignificant for the wafer with the deeper base of 
5000A. These results were also consistent with the work on the AlGaAs/GaAs HBTs on two 
wafers with slightly different structures. The depth of the base/emitter hetero-interface for 
the InPtlnGaAs was 4000A and thus the damage sustained is less than in devices with 
shallower base/emitter junctions. Recall, that the effect of sputter damage was not noticeable 
for the base interfaces deeper than 5000A. 
Like their InGaP/GaAs counterparts, the InP;lnGaAs material system also offers the 
advantages associated with selective etching during device fabrication resulting in uniform 
device characteristics across the wafer; this desirable property is reduced in case of the 
AIGaAs/GaAs HBT fabrication where no suitable selective etchants are available. The 
InPlInGaAs HBTs fabricated in this study, a low common emitter offset voltage (measured 
when Ib ~ Ie ~ 0) of 61mV and collector/emitter breakdown voltage of 5.5V were observed. 
However, it was evident from the output characteristics that InPlInGaAs HBTs have rather 
poor saturation characteristics with high output conductance unlike the complete saturation 
observed in typical GaAs-based devices. This is due to the high multiplication factor and the 
low breakdovm voltage associated with the low band gap of the InGaAs material. 
In order to compare the tum on voltages, Vt. of the AIGaAs/GaAs HBTs, vv;th typical 
InGaP/GaAs and InP/InGaAs HBTs, the collector currents of three devices with same 
geometries but different material systems were plotted as a function of base emitter voltage 
with Vbc = O. It is seen that the InPlInGaAs HBTs exhibit a lower tum on voltage (0.2eV) 
compared to GaAs-based HBTs (O.8eV). This clearly demonstrates the advantage of InP-
based HETs for low power circuit applications, such as mobile telecommunications [199]. 
From a comparison of the respective gain plots of the devices on different material systems, it 
was evident that while the AIGaAs/GaAs 13 varied with Ie, the InGaP/GaAs showed little 
change with respect to Ie and the InPlInGaAs gain is almost independent of the collector 
current. This was attributed to the influence of various recombination processes in the base-
emitter junctions of these devices and also the lower surface recombination velocity 
associated with the InGaAs material. 
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Optical output results showed that there is no degradation of the active substrate layers or the 
device characteristics as a result of r. f. sputtering used in the ITO deposition. It was also 
shown that a BPT can be controlled both optically and electrically or by a combination of 
both sources representing the potential to use a single device for the simultaneous detection 
and amplification of an optical signal as well as its subsequent coupling with an electrical 
signal in a single device. Much of the optical characterisation work was based only on the 
InPilnGaAs devices. 
A notable feature of the output characteristic of the InPfInGaAs HBTs with ITO emitter 
contacts was the significant reduction in the collector offset voltage optical output of the 
photo transistor to 15m V from 60m V in its electrical mode of operation. This reduction is 
related to the absence of the finite base resistance in case of the optical mode where no active 
base contact is required. 
In order to understand the relationship between the optical gain and the d.c. current gain, the 
responsivity of the base-collector p-n junction diode was measured and compared with the 
responsivity of the device operating under the three terminal device mode. A plot of the ratio 
of the responsivity of the InPfInGaAs HPT to the responsivity of the base-collector photo 
diode vs. optical power at A = 780 run showed that this is approximately equal to ~, in 
agreement with conventional analysis of photo transistor operation. Similar measurements 
were made for a set of AlGaAs/GaAs HPTs and found to confirm the relationship between 
the optical gain, the electrical gain J3 and the photo diode responsivity at a given \vavelength. 
The optical characterisations also involved the measurement and analysis of the spectral 
response of these novel HBTs with ITO emitter contacts over the relevant wavelength ranges. 
The AIGaAs/GaAs devices showed an operational range spanning over A :: 450 to 900 run 
while for the InGaAslinP devices this was from 800nm to 1700 run. 
In both cases, the long wavelength cut-off is determined by the absorption edge of the 
narrow-bandgap base and collector. For Ino.53Gao.47As this corresponds to a wavelength of 
approximately 1650 nm. At shorter 'wavelengths « 950 run), the photoresponse is limited by 
absorption in the InP emitter as well as the ITO transmission and the monochromator grating 
efficiencies. The dip in the spectral response at around 1400nm corresponds to atmospheric 
absorption of radiation from the monochromator and is not a reflection of the device 
characteristic. This atmospheric absorption in the wavelength range 1340-1450nm is most 
likely due to moisture and C02. The suitability of the InP/lnGaAs devices for operation at 
13 IO run and 1550 nm wavelengths was clearly demonstrated. 
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Finally, initial experiments comparing the benefits of edge coupling versus top coupling 
showed that up to 40% of the incident beam is lost in the former mode. Device structures 
need to be redesigned to suit the edge coupling mode. Further work is required to provide 
more quantitative analysis. 
7.7 Spectral Response Model 
A spectral response model was developed for the first time to understand, analyse and finally 
to optimise the performance range of these HBTs [233]. Device parameters such as the 
doping concentrations, the ITO and the semiconductor layer thickness as well as the material 
properties such as the absorption coefficients, a, the refractive indices, n, and the generation 
efficiency were used from the literature for the purpose of simulation. A 100% collection 
efficiency was assumed for any electron-hole pairs photo generated inside the depletion 
region or within a diffusion length in the neutral material. The spectral responses of the 
ITO/n-GaAs Schottky diodes and the AlGaAslGaAs, InP/GaAs phototransistors are simulated 
and compared to measured data for the first time. In all cases, very good correlation between 
the model and the measured results were obtained [204]. 
The results presented in this thesis provide valuable insight into the use of optically 
transparent ITO for use in a wide range of optoelectronic devices as well as the respective 
optimisation. A list of publications arising from this work is presented in Appendix A. 
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8. Further Work 
The follov.ing work is recommended as a follow-up to this study: 
1. Further analysis of the ITO film, particularly a surface study usmg AFM or similar 
instrument. 
2. DL TS measurements on the devices with ITO contacts to quantify/assess the sputter 
induced damage to the underlying epitaxial layers and substrate if any. In particular study 
in detail the nature and the cause of the damage deep into the semiconductor substrate as 
suggested by CV profiling. An experiment may be designed to incur the sputter damage 
and remove the ITO deposit chemically; then re-deposit a metal Schottk), contact and 
repeat the CV profiling in order to isolate any possible effects due to the ITO layer. The 
damage study should also be extended to HBT wafers to examine its effect on highly 
doped substrates. 
3. Further study the effect of varying the thickness of the indium film between the ITO and 
the semiconductor to understand its effect on sputter damage limitation and thus 
enhancement of device performance. 
4. Fabrication of small geometry ITO/n-GaAs Schottky diodes with improved senes 
resistance followed by a test of their small signal performance. 
5. Fabrication and testing of small geometry ITO emitter contact InPlInGaAs HPTs 
6. Incorporate the spectral response model with existing HBT current-voltage models to 
further understand the optical performance of heterojunction phototransistors in particular 




1. K. L. Chopra, S. Major and D. K. Pandya, "Transparent Conductors - A Status 
Review", Thin Solid Films, 102, 1983, pp. 1 - 46, 
2. S. A. Bashar and A. A. Rezazadeh, "Optically Transparent ITO Emitter Contacts in the 
Fabrication of InPflnGaAs HPTs", IEEE Transactions on lvficrowave Theory and 
Techniques, MTT -43(9), 1995, pp. 2299-2303 
3. J. C. C. Fan and J. B. Goodenough, "X-Ray Photoemission Spectroscopy Studies of Sn-
doped Indium Oxide Films"Journal of Applied Physics, 48(8), 1977, pp. 3524 - 3531 
4. P. Nath and R. F. Bunshah, "Preparation of In203 and Tin-Doped In203 Films by a 
Novel Activated Reactive Evaporation Technique", Thin Solid Films, 69,1980, pp. 63 -
68 
5. J. C. C. Fan, F. J. Bachner and G. H. Foley, "Effect of Oxygen Partial Pressure During 
Deposition on Properties of r.f. Sputtered Sn-Doped In203 Films", Applied Physics 
Leiters, 31(11), 1977, pp. 773 -775 
6. K. Sreenivas, T. Sundarsena Rao, A. Mansnigh and S. Chandra, "Preparation and 
Characterization of r.f. Sputtered Indium Tin Oxide Films", Journal of Applied 
PhYSiCS, 57(2), 1985, pp. 384 - 392 
7. J. SzcZ)Tbowski, A. Dietrich and H. Hoffmann, "Optical and Electrical Properties of 
r.f. Sputtered Indium-Tin Oxide Films", Phys Slat Sol (a), 78, 1983, pp. 243 - 252 
8. M. Buchanan, J. B. Webb and D. F. Williams, "The Influence of Target Oxidation and 
Growth Related Effects on the Electrical Properties of Reactively Sputtered Films of 
Tin-Doped Indium Oxide", Thin Solid Films, 80, 1981, pp. 373 - 382 
9. M. Higuchi, S. Uekusa, R. Nakano and K. Yokogawa, "Post-Deposition Annealing 
Influence on Sputtered Indium Tin Oxide Film Characteristics", Japanese Journal of 
Applied Physics, 33, 1994, pp. 302 - 306 
10. N. Balasubramanian and A. Subrahmanyam, "Effect of Substrate Temperature on the 
Electrical and Optical Properties of Reactively Evaporated Indium Tin Oxide Films", 
Materials Science and Engineering, Bl, 1988, pp. 279 - 281 
11. J. Bregman, Y. Shapira and H. Aharoni, "Effects of Oxygen Partial Pressure During 
Deposition on the Properties of Ion-Beam-Sputtered Indium-Tin Oxide Thin Films", 
Journal of Applied Physics, 67(8), 1990, pp. 3750 - 3753 
12. H. Haitjema and J. J. Ph. Elich, "Physical Properties of PyroIitically Sprayed Tin-
Doped Indium Oxide Coatings", Thin Solid Films, 205, 1991, pp. 93 - 100 
252 
References 
13 . N. Balasubramanian and A. Subrahmanyam, "Electrical and Optical Properties of 
Reactively Evaporated Indium Tin Oxide (ITO) Films - Dependence on Substrate 
Temperature and Tin Concentration", Journal o/Physics D: Applied Physics, 22, 1989, 
pp. 206 - 209 
14. L. Gupta, A. Mansingh and P. K. Srivastava, "Band Gap Narrowing and the Band 
Structure of Tin Doped Indium Oxide Films", Thin Solid Films, 176, 1989, pp. 33 - 44 
15. 1. L. Yao, S. Hao and 1. S. Wilkinson, "Indium Tin Oxide Films by Sequential 
Evaporation", Thin Solid Films, 189(2), 1990, pp. 227 - 233 
16. 1. Dutta and S. Ray, "Variations in Structural and Electrical Properties of Magnetron-
Sputtered Indium Tin Oxide Films with Deposition Parameters", Thin Solid Films, 
162(1-2),1988, pp. 119 - 127 
17. S. Ashok, P. P. Sharma and S. J. Fonash, "Spray-Deposited ITO-Silicon SIS 
Heterojunction Solar Cells", !EEE Transactions on Electron Devices, ED-27(4), 1980, 
pp. 725 - 730, 
18. B. Bessais, N. Mliki and R. Bennaceur, "Technological, Structural and Morphological 
Aspects of Screen-Printed ITO Used in ITO/Si Type Structure", Semiconductor Science 
and Technology, 8, 1993, pp. 116 - 121 
19. E. H. Rhoderick, "Metal-Semiconductor Contacts" lEE Proceedings-! Solid-State and 
Electron Devices, 129(1), 1982, pp. 1 - 14 
20. E. H. Rhoderick and R. H. Williams, "Metal-Semiconductor Contacts", (Publishers: 
Clarendon Press, Oxford), 2nd Edition, 1988 
21. F. A. Padovani and R. Stratton, "Field and Thermionic-Field Emission in Schottky 
Barriers", Solid State ElectroniCS, 9, 1966, pp 695 - 707 
22. D. Donoval, M. Barus and M. Zdimal, "Analysis of I-V Measurements on PtSi-Si 
Schottky Structures in a Wide Temperature Range", Solid State ElectroniCS, 34(12), 
1991, pp 1365 - 1373 
23. S. M. Sze, "Metal-Semiconductor Contacts", in Physics of Semiconductor Devices, 
(Publishers: J Wiley & Sons, Singapore), 2nd Edition 1981, pp 250 - 254 
24. C. R. Crowell and V. L. Rideout, '~onna1ised Thermionic-Field (T-F) Emission in 
Metal-Semiconductor (Schottky) Barriers", Solid State ElectroniCS, 12, 1969, pp 89 -
105 
25 . V. L. Rideout, "A Review of the Theory and Technology for Ohmic Contacts to Group 
III-V Compound Semiconductors", Solid State ElectroniCS, 18, 1975, pp. 541 - 550 
253 
References 
26. A. Piotrowska, A. Guivarc 'h and G. Pelous, "Ohmic Contacts to III-V Compound 
Semiconductors: A Review of Fabrication Techniques", Solid State Electronics, 26(3), 
1983, pp. 179 - 197 
27. J. Gyulai, J. W. Mayer, V. Rodriguez, A. Y. C. Yu and H. J. Copen, "Alloying 
Behaviour of Au and AuGe on GaAs", Journal of Applied Physics, 42(9), 1971, pp. 
3578 - 3585 
28. F. Umnum, J. S. Johannessen, "Effect of Au:Ge Thickness on Ohmic Contacts to 
GaAs", Electronics Letters, 22(12), 1986, pp. 632 - 633 
29. F. Ren, A. B. Emerson, S. J. Pearton, T. R. Fullowan and J. M. Brown, "Improvement 
of Ohmic Contacts on GaAs \\ith In Situ Cleaning", Applied Physics Letters, 58(10), 
1991, pp. 1030 - 1032 
30. C. L. Chen, L. J. Mahoney, M. C. Finn, R. C. Brooks, A. Chu and J. G. Mavroides, 
"Low Resistance PdlGe/Au and GelPdlAu Ohmic Contacts to n-type GaAs", Applied 
Physics Letters, 48(8), 1986, pp. 535 - 537 
31. J. T. Lai and J. Y. Lee, "Redistribution of Constituent Elements in PdlGe Contacts to n-
type GaAs Using Rapid Thermal Annealing", Journal of Applied Physics, 76(3), 1994, 
pp. 1686 - 1690 
32. T. Sanada and O. Wada, "Ohmic Contacts to p-GaAs \\ith AulZnlAu Structure", 
Japanese Journal of Applied Physics, 49(8), 1980, pp. L491 - L494 
33. A. Katz, C. R. Abernathy and S. J. Pearton, "PtlTi Ohmic Contacts to Ultrahigh Carbon 
Doped p-GaAs Formed by Rapid Thermal Processing", Applied Physics Letters, 
56(11), 1990, pp. 1026 - 1030 
34. W. L. Chen, J. C. Cowles, G. I. Haddad, G. O. Munns, K. W. Eisenbeiser and J. R. 
East, "Ohmic Contact Study for Quantum Effect Transistors and Heterojunction 
Bipolar Transistors with InGaAs Contact Layers", Journal of Vacuum Science and 
Technology, BI0(6), 1992, pp. 2354 - 2360 
35. A. Katz, A. EI-Roy, A. Feingold, M. Geva, N. Moriya, S. J. Pearton, E. Lane, T. Keel 
and C. R. Abernathy, "W(Zn) Selectively Deposited and Locally Diffused Ohmic 
Contacts to p-InGaAslInP Formed by Rapid Thermal Low Pressure Metalorganic 
Chemical Vapor Deposition", Applied Physics Letters, 62(21), 1993, pp. 2652 - 2654 
36. W. Shockley, US Patent no. 2 569 347: 1951 
37. H. Kromer, "Theory of a Wide-Gap Emitter for Transistors", Proceedings of the IRE, 
45, 1957, pp. 1535 - 1537 
38. H. Kromer, "Heterostructure Bipolar Transistors and Integrated Circuits", Proceedings 
of the IEEE, 70(1), 1982, pp. 13-25 
254 
References 
39. M. B. Das, "HBT Device Physics and Models" in HEMTs and HBTs: Devices. 
Fabrication and Circuits, (Editors: F. Ali and A. Gupta; Publishers: Artech House Inc ., 
USA), Chapter 4, 1991, pp. 191 - 251 
40. 1. Batey and S. L. Wright, "Energy Band Alignment in GaAs:(AI,Ga)As 
Heterostructures: The Dependence on Alloy Compositions", Journal of Applied 
Physics, 59( 1), 1986, pp. 200 - 209 
41 . T. Kobayashi, K. Taira, F. Nakamura and H. Kawai, "Band Lineup for a GalnP/GaAs 
Heterojunction Measured by a High Gain N-p-n Heterojunction Bipolar Transistor 
Grown by Metalorganic Chemical Vapor Deposition", Journal of Applied Physics, 
65(12), 1989, pp. 4898 - 4902 
42. D. Biswas, N. Debbar, P. Bhattacharya, "Conduction and Valence Band Offsets in 
GaAs/Gaos\Ino.49P Single Quantum Wells Grown by Metal Chemical Vapor 
Deposition", Applied Physics Letters, 56(9), 1990, pp. 833 - 835 
43 . M. A. Rao, E. 1. Caine, H. Kroemer, S. 1. Long and D. 1. Babic, "Detennination of 
Valence and Conduction Band Discontinuities at the (Ga, In)P/GaAs Heterojunction by 
C-V Profiling", Journal of Applied Physics, 61(2),1987, pp. 643 - 649 
44. D. V. Lang, M. B. Panish, F. Capasso, 1. Allam, R. A. Hamm, A. M. Sergent and W. T. 
Tsang, "Measurement of Heterojunction Band Offsets by Admittance Spectroscopy: 
InP/Gao.47Inos3As", Applied Physics Letters, 50(12), 1987, pp. 736 - 738 
45. P. M. Asbeck, M. C. F. Chang, 1. A. Higgins, N. H. Sheng, G. 1. Sullivan, K. C. Wang 
"GaAlAs/GaAs Heterojunction Bipolar Transistors: Issues and Prospects for 
Application", IEEE Transactions on Electron Devices, ED-36(10), 1989, pp. 2032 -
2042 
46. D. V. Morgan and A. A. Rezazadeh, "Current Transport Mechanism in N-p-n 
GaAS/AIGaAs Heterojunction Bipolar Transistors", GEe Journal of Research, 6(1), 
1988, pp. 37 - 43 
47. G. O. Ladd and D. L. Feucht, -Performance Potential of High Frequency Heterojunction 
Transistors', IEEE Transactions on Electron Devices, 17,1970, pp. 413 - 420 
48. W. A. Hughes, A. A. Rezazadeh and C. E. Wood, 'The Heterojunction Bipolar 
Transistor (HBT)" in GaAs Integrated Circuits, (Editor: 1. Mun; Publishers: Blackwell 
Scientific Publications Ltd, UK), Chapter 7, 1988, pp. 403 - 429 
49. R. A. Hamm, M. B. Panish, R. N. Nottenburg, Y. K. Chen and D. A. Humphrey, 
"Ultrahigh Be Doping of Gao.47Ino53AslInP by Low-Temperature Molecular Beam 
Epitaxy", Applied Physics Letters, 54(25), 1989, pp. 2586 - 2588 
50. Y. K. Chen, R. N. Nottenburg, M. B. Panish, R. A. Hamm and D. A. Humprey, "Sub-
picosecond InPlInGaAs Heterojunction Transistors", IEEE Electron Device Letters, 
10(6), 1989, pp. 267 - 269 
255 
References 
51. S. R. Forrest, "Monolothic Optoelectronic Integration: A New Component Technology 
for Lightwave Communications", IEEE Transactions on Electron Devices, 32(12), 
1985, pp. 2640 - 2655 
52. D. Reudink, 'Advanced Concepts and Technologies for Communications Satellites' in 
Advanced Digital Communications, (Editor: K. Feher; Publishers: Prentice Hall, USA), 
Chapter 11, 1987. 
53 . T. Miya, Y. Terunuma, T. Hosaka and T. Miyashita, "Ultimate Low Loss Single-Mode 
Fiber at 1.55 J..lm", Electronic Letters, 15, 1979, pp. 106 - 108 
54. S. E. Miller and I. P. Kaminow, 'Optical Fiber Telecommunications II', (Publishers: 
Academic Press Inc., USA), 1988 
55. P. Cochrane, D. J. T. Heatley, P. P. Smyth and 1. D. Pearson, "Optical 
Telecommunications - Future Prospects", Electronics and Communication Engineering 
Journal, Aug. 1993, pp. 221 - 232 
56. D. K. Paul, K. H. Greene and G. A. Keopf, "Undersea Fiber Optic Cable 
Communication System of the Future: Operational, Reliability and System 
Considerations", IEEE Journal of Lightwave Technology, LT-2(4), 1984, pp. 414 - 425 
57. P. K. Runge and P. R. Trischitta, "The SL Undersea Lightwave System", IEEE Journal 
of Selected Areas in Communications, SAC-2(6), 1984, pp.784 -793 
58. K. Amano, "Optical Fiber Submarine Cable Systems", IEEE Journal of Lightwave 
Technology, 8(4), 1990, pp. 595 - 609 
59. P. K. Runge, "Undersea Lightwave Systems", AT&T Technical Journal, 71(1), 1992, 
pp. 5 - 13 
60. Blanc et ai, "Optical Fiber Submarine Transmission Systems", in Commutations and 
Transmission, (Publishers: SOTELEC, France), 1989, pp.75 - 94 
61. J. M. Senior, "Optical Fiber Communications", (Published by: Prentice Hall Inc., New 
Jersey, USA), 2nd Edition, 1992 
62. M. Brain and T. Lee, "Optical Receivers for Lightwave Communication Systems", 
IEEE Transactions on Electron DeVices, ED-32(l2), 1985, pp. 2673 - 2692 
63 . T. Lee, C. A. Bunus and A. G. Dentai, "InGaAslInP p-i-n Photodiodes for Lightwave 
Communications at the 0.95 - l.65 J..lm Wavelength", IEEE Journal of Quantum 
Electronics, QE-17(2), 1981, pp. 232 - 238 
64. T. P. Pearsall, M. Piskorski, A. Brochet and J. Chevrier, "A G3{).47InO.53AslInP 
Heterophotodiode with Reduced Dark Current", IEEE Journal of Quantum Electronics, 
QE-17(2), 1981, pp. 255 - 259 
256 
References 
65. 1. E. Bowers and C. A. Burrus, "Ultrawide-Band Long-Wavelength p-i-n 
Photodetectors", Journal of Lightwave Technology, LT-5( 10), 1987, pp. 1339 - 1350 
66. H. Ando, Y. Yamauchi, H. Nakagome, N. Susa and H. Kanbe, "InGaAslInP Separated 
Absorption and Multiplication Regions Avalanche Photodiode Using Liquid-and-
Vapor-Phase Epitaxies", IEEE Journal of Quantum Electronics, QE-17(2), 1981, pp. 
250 - 254 
67. 1. C. Campbell, A. G. Dentai, W. S. Holder and B. L. Kasper, "High Performance 
Avalanche Photodiode with Separate Absorption 'Grading' and Multiplication 
Regions", Electronics Leiters, 19,1983, pp. 818 - 820 
68. F. Capasso, W. T. Tsang, A. L. Hutchinson and G. F. Williams, "Enhancement of 
Electron Impact Ionization in a Superlattice: A New Avalanche Photodiode with a 
Large Ionization Rate Ratio", Applied Physics Letters, 40(1), 1982, pp. 38 - 40 
69. T. Kagawa, H. Asai and Y. Kawamura, "An InGaAslInAlAs Superlattice Avalanche 
Photodiode with a Gain Bandwidth Product of 90 GHz", IEEE Photonics Technology 
Letters, 3(9), 1991, pp. 815 - 817 
70. D. G. Parker and P. G. Say, "Indium Tin Oxide/GaAs Photodiodes for Millimetric-
Wave Applications", EI eclronics Leiters, 22( 23), 1986, pp. 1266 - 1267 
71. S. Y. Wang and D. M. Bloom, "100 GHz Bandvtlidth Planar GaAs Schottky 
Photodiode", Electronics Letters, 19, 1983, pp. 554 - 555 
72. N. Emeis, H. Schumacher and H. Beneking, "High Speed GaInAs Schottky 
Photodetector", Electronics Letters, 21(5), 1985, pp. 180 - 181 
73. D. G. Parker, P. G. Say and A. M. Hansom, "110 GHz High Efficiency Photodiodes 
Fabricated from Indium Tin Oxide/GaAs", Electronics Letters, 23, 1987, pp. 527 - 528 
74. A. A. De Salles, M. A. Romero, "Alo.3Gao7As/GaAs MESFETs Under Optical 
Illumination", IEEE Transactions on Microwave Theory and Techniques, MTT-
39(12),1991, pp. 2010 - 2017 
75 . R. N. Simons, "Microwave Performance of an Optically Controlled AIGaAs/GaAs 
High Electron Mobility Transistor and GaAs ME SFET" , IEEE Transactions on 
Microwave Theory and Techniques, MTT-35(12), 1987, pp. 1444 - 1455 
76. J. Seymour, "Field Effect Transistors and Charge Transfer Devices" in Electronic 
Devices and Components, (Publishers: Longman Scientific and Technical, UK), 
Second Edition, Chapter 6, 1988, pp. 258 - 320 
77. W. A. Hughes, A. A. Rezazadeh and E. C. Wood, "The High Electron Mobility 
Transistor" in GaAs Integrated Circuits, (Editor: J. Mun; Publishers: Blackwell 
Scientific Publications Ltd, UK), Chapter 7, 1988, pp. 378 - 402 
257 
References 
78 . P. Chakrabarti, N. L. Shrestha, S. Srivastava and V. Khemka, "An Improved Model of 
Ion-Implanted GaAs OPFET', IEEE Transactions on Electron Devices, ED-39(9), 
1992, pp. 2050 - 2059 
79. A. H. Khalid, S. A. Bashar and A. A. Rezazadeh,"Fabrication and Characterisation of a 
Transparent Gate HEMT Using Indium Tin Oxide" Proceedings of IEEE International 
Workshop on High Performance Electron Devices for Nficrowave and Optoelectronic 
Applications - EDMO, London, UK, 14th November, 1994, pp. 99-104 
80. K. Tabatabaie-Alavi and C. G. Fonstad (Jr), "Performance Comparison of 
Heterojunction Phototransistors, p-i-n FET's, and APD-FETs for Optical Fiber 
Communication Systems", IEEE Journal of Quantum Electronics, QE-17(12), 1981, 
pp. 2259 - 2261 
8l. H. Wang, C. Bacot, C. Gerard, 1. L. Lievin, C. Dubon-Chevallier, D. Ankri and A. 
Scavennec, "GaAs/GaAlAs Heterojunction Bipolar Phototransistor for Monolithic 
Photoreceiver Operating at 140Mbitls", IEEE Transactions on Microwave Theory and 
Techniques, MTT -34(12), 1986, pp. 1344 - 1348 
82. H. Beneking, P. Mischel and G. Schul "High-Gain Wide-Gap-Emitter Gal_xAL"As-
GaAs Phototransistor", Electronics Letters, 12(16),1976, pp. 395 - 396 
83. Z. Urey, D. Wake, D. 1. Newson and 1. D. Henning, "Comparison of InGaAs 
Transistors as Optoelectronic Mixers", Electronic Letters, 29(20), 1993, pp. 1796 -
1797 
84. T. Moriizumi and K. Takahashi, "Theoretical Analysis of Heterojunction 
Phototransistors", IEEE Transactions on Electron Devices, ED-19(2), 1972, pp. 152 -
159 
85. R. A. Milano, P. D Dapkus and G. E. Stillman, "An Analysis of the Performance of 
Heterojunction Phototransistors for Fiber Optic Communications", IEEE Transactions 
on Electron Devices, ED-29(2), 1982, pp. 266 - 274 
86. S. Sze, "LED and Semiconductor Lasers" in Physics of Semiconductor Devices, 
(Publishers: John Wiley and Sons, NY), Second Edition, Chapter 12, 1981, pp. 681 -
742 
87. Y. H. Aliyu, D. V. Morgan, H. Thomas and S. W. Bland, "Low Tum-on Voltage 
AIGaInP LEDs Using Thermally Evaporated Transparent Conducting Indium Tin 
Oxide (ITO)", Proceedings of IEEE International Workshop on High Performance 
Electron Devices for Microwave and Optoelectronic Applications - EDMO, London, 
UK, 14th November, 1995, pp. 82 - 87 
88. M. A. Matin, A. F. Jezierski, S. A. Bashar, D. E. Lacklison, T. M. Benson, T. S. Cheng, 
1. S. Roberts, T. E. Sale, 1. W. Orton, C. T. Foxon and A. A. Rezazadeh, "Optically 
Transparent Indium Tin Oxide (ITO) Ohmic Contacts in the Fabrication of Vertical 




89. L. D. Tzeng and R. E. Frahm, "Wide Bandwidth Low Noise p-i-nlFET Receiver for 
High-Bit-Rate Optical Preamplifier Applications", Electronics Leiters, 24( 18), 1988, 
pp. 1132 - 1133 
90. S. Chandrasekhar, L. M. Lunardi, A. H. Gnauck, D. Ritter, R. A. Hamm, M. B. Panish 
and G. 1. Qua, "A 10 Gbit/s OEIC Photoreceiver Using InPlInGaAs Heterojunction 
Bipolar Transistors", Electronics Letters, 28(5), 1992, pp. 466 - 468 
91. W. A. Hughes and D. G. Parker, "Operation of a High Frequency Photodiode-HEMT 
Hybrid Photoreceiver at 10 GHz", Electronics Leiters, 22(10), 1986, pp. 509 - 510 
92. 1. L. Gimlett, "Low Noise p-i-n/FET Optical Receiver", Electronics Letters, 23(6), 
1987,pp.281-283 
93. M. A. R. Violas, D. 1. 1. Heatley, X. Y. Gu, D. A. Cleland and W. A. Stallard, 
"Heterodyne Detection at 4 Gbit/s Using a Simple p-i-nIHEMT Receiver", Electronics 
Letters, 27(1),1991, pp. 59 - 61 
94. D. Wake, R. H. Walling, I. D. Henning and D. G. Parker "Planar-Junction, Top-
Illuminated GalnAslInP p-i-n photo diode with Bandwidth of 25 GHz", Electronics 
Leiters, 25(15), 1989, pp. 967 - 968 
95. D. Wake, D. 1. Newson, M. 1. Harlow and I. D. Henning, "OpticallY Biased, Edge-
Coupled InPlInGaAs Heterojunction Phototransistors", Electronics Leiters, 29(25), 
1993, pp. 2217 - 2218 
96. W. Q. Li, M. Karakucuk, J. Kulman, 1. R. East, G. I. Haddad and P. K. Bhattacharya, 
"High Frequency GaAs/Alo15Gao75As Heterojunction Bipolar Transistors with 
Transparent Indium Tin Oxide Emitter Contacts", Electronics Letters, 29(25), 1993, 
pp. 2223 - 2225 
97. D. W. Pashley, "The Basics of Epitaxy" in Growth and Characterisation of 
Semiconductors, (Editors: R. A. Stradling and P. C. Klipstein; Publishers: Adam 
Hilger, New York), 1990, pp. 1 - 16 
98. B. G. Streetman, "Crystal Properties and Growth of Semiconductors" in Solid State 
Electronic Devices, (Publishers: Prentice-Hall, New Jersey, USA), 1980, pp. 1 - 27 
99. J. 0. Williams, "Metal Organic Chemical Vapour Deposition (MOCVD) for the 
Preparation of Semicondutor Materials and Devices" in Growth and Characterisation of 
Semiconductors, (Editors: R. A. Stradling and P. C. Klipstein; Publishers: Adam 
Hilger, New York), 1990, pp. 17 - 33 
100. M. Lundstrom, "III-V Heterojunction Bipolar Transistors", in Heterojunction 
Transistors and Small Size Effects in Devices, (Editor: M. Willander, Publishers: 
Studentlitteratur, Sweden), 1992, pp. 35 - 46 
259 
References 
10 1. C. 1. Foxon and B. A. Joyce, "Growth of Thin Films and Heterostructures of III-V 
Compounds by Molecular Beam Epitaxy", in Growth and Characterisation of 
Semiconductors, (Editors: R. A. Stradling and P. C. Klipstein; Publishers: Adam 
Hilger, New York), 1990, pp. 35 - 64 
102. R. V. Stuart, "Vacuum Technology, Thin Films and Sputtering", (Published by: 
Academic Press, London) Chapter 4, 1983, pp. 123 - 131 
103. 1. L. Vossen and 1. 1. Cuomo, "Glow Discharge Sputter Deposition" in Thin Film 
Processes, (Editors: 1. L. Vossen and Werner Kern, Publishers: Academic Press, New 
York), Part 11-1,1978, pp. 12 -73 
104. "Handbook On RF Sputtering with the NM 1500 Sputtering Module", Nordiko Ltd. , 
Brockhampton Lane, Havant, Hants. P09 IJB, U.K. 
105. Available from : "Ablestik Electronic Materials and Adhesive" subsidiary of "National 
Starch and Chemical Co.", 20021 Susana Road, Rancho Dominguez, CA 90221, USA 
106. Source of ITO sputtering targets: "Testbourne Ltd.", Unit 12, Hassocks Wood, Stroudly 
Road, Basingstoke, Hampshire RG24 ONE, UK 
107. R. C. Jaeger, "Lithography" in Introduction to Microelectronic Fabrication, Modular 
Series on Solid Slate DeVices, (Series Edited by: G. W. Neubeck, R. F. Pierret, 
Published by: Addison-Wesley Publishing Co. Inc., New York), Vol. 5, Chapter 2, 
1988, pp. 13 - 28 
108. K. L. Chopra and 1. Kaur, "Thin Film Device Applications", (Published by: Plenum 
Press, New York) Chapter 1, 1983, pp. 14 - 18 
109. R. Y. Stuart, "Vacuum Technology, Thin Films and Sputtering", (Published by: 
Academic Press, London) Chapter 3, 1983, pp. 65 - 89 
110. R. E. Williams, "Wet Etching" in Gallium Arsenide Processing Technology, (Published 
by: Artech House, Massachussetts) Chapter 5, 1984, pp. 101 - 123 
111. W. Kern and C. A. Deckert, "Etching Processes" in Thin Film Processes" (Edited by : 
1. L. Vossen and W. Kern; Published by Academic Press, London) Part V, 1978, pp. 
401 - 496 
112. M. Konagai, K. Katsukawa and K. Takahashi, "(GaAI)As/GaAs Heterojunction 
Phototransistors with High Current Gain", Journal of Applied Physics, 48(10), 1977, 
pp. 4389 - 4394 
113. C. M. Melliar-Smith and C. 1. Mogab, "Plasma Assisted Etching Techniques for 
Pattern Delineation" in Thin Film Processes, (Editors: 1. L. Vossen and Werner Kern, 
Publishers: Academic Press, New York), Part V, 1978, pp. 497 - 556 
114. Plasma Technology (UK) Ltd., Lawrence Rd., Wrington, Avon BS18 7QF, UK 
260 
References 
115 . "Talystep Operating Instructions", Rank Taylor Hobson Ltd., P. O. Box 36, Newstar 
Rd., Thunnaston Lane, Leicester LE4 7JQ, UK 
116. 1. Bitsakis, "Atomic Force Microscopy" in Non-Alloyed Ohmic Contacts to n-GaAs 
Grown by MBE, University oflvfanchester Institute of Science and Technology, M.Sc. 
Thesis 1996, Chapter 5, pp. 77 - 99 
117. 1. Seymour, "Reverse Breakdown Mechanisms" in Electronic Devices and 
Components, (Published by: Longman Scientific and Technical, Essex, UK), Chapter 3, 
Second Edition, 1988, pp. 110 - 117 
118. Available from Promatech Ltd., Unit E&F, The Old Brickyard, Aston Keynes, 
Wiltshire SN6 6QX, UK 
119. G. K. Reeves and H. B. Harrison, "Obtaining the Specific Contact Resistance from 
Transmission Line Model Measurements", IEEE Transactions on Electron Devices, 
EDL-3(5), 1982,pp. 111-113 
120. H. B. Harrison, "Characterising Metal Semiconductor Ohmic Contacts", Proceedings 
oflREE, 41,1980, pp. 95 - 100 
121. F. Amin, "TLM Measurements using Auto-TLM System", lvf.Phil. Transfer Report, 
King's College London, 1995, pp. 17 - 19 
122. T. C. Lee, S. Fung, C. D. Beling and H. L. Au, "A Systematic Approach to the 
Measurement of Ideality Factor, Series Resistance and Barrier Height for Schottky 
Diodes", Journal of Applied Physics, 72(10), 1992, pp. 4739 - 4742 
123. E. K. Evangelou, L. Papadimitriou, C. A. Dimitriades, G. E. Giakoumakis, "Extraction 
of Schottky Diode (and p-n Junction) Parameters from I-V Characteristics", Solid State 
Electronics, 36(11), 1993, pp. 1633 - 1635 
124. N. Brutscher and M. Hoheisel, "Schottky Diodes with High Series Resistance: A 
Simple Method of Detennining the Barrier Heights", Solid State Electronics, 31(1), 
1988, pp. 87 - 89 
125. 1. E. Getreu, "Modelling the Bipolar Transistor", (Published by: Elsevier Science 
Publishers, The Netherlands), 1983 
126. M. E. Kim, B. Bayraktaroglu and A. Gupta, "HBT Devices and Applications" in 
REMTs and HBTs: Devices, Fabrication and Circuits, (Edited by: F. Ali and A. Gupta; 
Published by: Artech House Inc., USA), Chapter 5, 1991, pp. 253 - 369 
127. C. T. Kirk, "A Theory of Transistor Cutoff Frequency, fT, Fall Off at High Current 
Densities", IRE Transactions on Electron DeVices, ED-9, 1962, pp. 164 - 174 
128. 1. Hilibrand and R. D. Gold, "Detennination of the Impurity Distribution in Junction 
Diodes From Capacitance-Voltage Measurements", RCA Review, 1960, pp. 245 - 252 
261 
References 
129. K. lniewski, M. Liu and C. A. T. Salama, "Doping Profiles Characterisation in GaAs 
Semi-insulating Substrates Using Capacitance-Voltage, Conductance-Voltage and 
Current-Voltage Measurements", Journal of Vacuum Science and Technology, B12( I), 
1994, pp. 327 - 331 
130. A. M. Goodman, "Metal-Semiconductor Barrier Height Measurement by the 
Differential Capacitance Method - One Carrier System", Journal of Applied Physics, 
34(2), 1963, pp. 329 - 338 
131. D. W. Palmer, "Characterisation of Semiconductors by Capacitance Method" in 
Growth and Characterisation of Semiconductors, (Editors: R A. Stradling and P. C. 
Klipstein; Publishers: Adam Hilger, New York), 1990, pp. 187 - 224 
132. S. Blight, "The Role of CV Profiling in Semiconductor Characterization", Solid State 
Technology, 1990, pp. 175 - 179 
133. P. K. Vasudev, B. L. Mattes, E. Pietras and R H. Bube, "Excess Capacitance and Non-
ideal Schottky Barriers on GaAs", Solid State Electronics, 19, 1976, pp. 557 - 559 
134. J. A. Copeland, "Diode Edge Effect on Doping-Profile Measurements", IEEE 
Transactions on Electron Devices, ED-17(5), 1970, pp. 404 - 407 
135. K. Krane, Modem Physics, (Published by: Wiley & Sons, USA), 1983, pp. 61 - 66, 
136. J. Wilson and J. Hawkes, "Light Sources - Blackbody Radiation" in Optoelectronics, 
An Introduction, (Published by: Prentice Han, UK), Chapter 1, 1983, pp. 23 - 26 
137. L. J. van der Pauw, "A Method of Measuring Specific Resistivity and Hall Effects of 
Discs of Arbitrary Shape", Philips Research Reports, 13, 1958, pp. 1 - 9 
138. F. M. Smits, "Measurement of Sheet Resisitivities with the Four-Point Probe", Bell 
System Technical Journal, 37(3), 1958 
139. H. W. Zhang and W. Xu, "Effect of Bias and Post Deposition Vacuum Annealing on 
Structure and Transmittance ofITO Films", Vacuum, 43(8), 1992, pp. 835 - 836 
140. A. Mansingh and C. V. R V. Kumar, "RF. Sputtered Indium Tin Oxide Films on 
Water Cooled Substrates", Thin Solid Films, 167, 1988, pp. Ll1 - L13 
141. V. Vasu and A. Subrahmanyam, "Photovoltaic Properties of Indium Tin Oxide 
(ITO)/Silicon Junctions Prepared by Spray Pyrolysis - Dependence on Oxidation 
Time", Semiconductor Science and Technology, 7, 1992, pp. 320 - 323 
142. B. J. Kellett, A. Gauzzi, J. H. James, B. Dwir, D. Pavuna and F. K. Reinhart, 
"Superconducting YBa2Cu307-S Thin Films on GaAs with Conducting Indium-Tin-
Oxide Buffer Layers", Applied PhYSiCS Letters, 57(24), 1990, pp. 2588 - 2590 
262 
References 
143. B. J. Kellett, J. H. James, A. Gauzzi, B. Dv.ir, D. Pavuna and F. K. Reinhart, "In Situ 
Growth of Superconducting YBa2Cu307-<S Thin Films on Si with Conducting Indium-
Tin-Oxide Buffer Layers", Applied Physics Letters, 57(24), 1990, pp. 1146 - 1148 
144. Y. Ohhata, F. Shinoki and S. Yoshida, "Optical Properties of r.f. Reactive Sputtered 
Tin-Doped In203 Films", Thin Solid Films, 59, 1979, pp. 255 - 261 
145. J. C. C. Fan and F. J. Bachner, "Properties of Sn-Doped In203 Films Prepared by r.f. 
Sputtering", Journal of Electrochemical Society: Solid State Science and Techniology, 
122(12),1975, pp. 1719 - 1725 
146. M. Just, N. Maintzer and I. Blech, "Stress in Transparent Conductive Sn-Doped Indium 
Oxide Thin Films", Thin Solid Films, 48, 1978, pp. L19 - L20 
147. C. v. R. V. Kumar and A. Mansingh, "Effect of Target-Substrate Distance on the 
Growth and Properties of r.f. Sputtered Indium Tin Oxide Films", Journal of Applied 
Physics, 65(3), 1989, pp. 1270 - 1280 
148. I Adesida, D. G. Ballegeer, J. W. Seo, A. Katterson, H. Chang, K. Y. Cheng and T. 
Gessert, "Etching of Indium Tin Oxide in MethanelHydrogen Plasmas", Journal of 
Vacuum Science and Technology, B9(6), 1991, pp. 3551 - 3554 
149. R. J. Saia, R. F. Kwasnick and C. Y. Wei, "Selective Reactive Ion Etching of Indium-
Tin Oxide in a Hydrocarbon Gas Mixture", Journal of Electrochemical SOCiety, 138(2), 
1991, pp. 493 - 496 
150. H. F. Sahafi, "A Study of Reactive Ion Etching of Gallium Arsenide in Mixtures of 
Methane and Hydrogen Plasmas", Ph. D. Thesis. University of Middlesex, UK, 1992. 
151. F. T. J. Smith and S. L. Lyu, "Effects of Heat Treatment on Indium Tin Oxide Films", 
Journal of Electrochemical SOCiety : Solid Slate Science and Technology, 128( 11), 
1981, pp. 2388 - 2393 
152. W. G. Haines and R. H. Bube, "Effects of Heat Treatment on the Optical and Electrical 
Properties of Indium-Tin Oxide Films", Journal of Applied Physics, 49(1), 1978, pp. 
304 - 307 
153. C. H. L. Weijtens, "Influence of the Deposition and Anneal Temperature on the 
Electrical Properties of Indium Tin Oxide", Journal of Electrochemical SOCiety, 
138( 11), 1991, pp. 3432 - 3434 
154. C. H. L. Weijtens and P. A. C. van Loon, "Low Resistive, Ohmic Contacts to Indium 
Tin Oxide", Journal of Electrochemical Society, 137(12), 1990, pp. 3928 - 3930 
155. A. K. Srivastava, B. M. Arora and S. Guha, "Measurement of Richardson Constant of 
GaAs Schottky Barriers", Solid State Electronics, 24, 1981, pp. 185 - 191 
263 
References 
156. M. Missous, E. H. Rhoderick, D. A. Woolf and S. P. Wilkes, "On the Richardson 
Constant of Intimate Metal-GaAs Schottky Barriers", Semiconductor Science and 
Technology, 7, 1992, pp. 218 - 221 
157. H. Norde, "A Modified Forward I-V Plot for Schottky Diodes with High Series 
Resistance", Journal of Applied Physics, 50, 1979, pp. 5052 - 5053 
158. C. D. Lien, F. C. T. So and M. A. Nicolet, "An Improved Forward I-V Method for Non-
ideal Schottky Diodes Yfith High Series Resistance", IEEE Transactions on Electron 
Devices, E0-31, 1984, pp. 1502 - 1503 
159. R. M. Cibils and R. H. Buitrago, "Forward I-V Plot for Non-ideal Schottky Diodes with 
High Series Resistance", Journal of Applied Physics, 58, 1985, pp. 1075 - 1077 
160. D. Donoval, 1. De Sousa Pires, P. A. Tove and R. Harman, "A Self Consistent 
Approach to IV Measurements on Rectifying Metal-Semiconductor Contacts", Solid 
State Electronics, 32(11), 1989, pp. 961 - 964 
161. D. Mui, S. Strite and H. Morko~, "On the Barrier Lowering and Ideality Factor of Ideal 
AlJGaAs Schottky Diodes", Solid State Electronics, 34(10), 1991, pp. 1077 - 1081 
162. A. Iliadis, "Barrier Height Reduction in Au-Ge Schottky Contacts to n-Type GaAs", 
Journal of Vacuum Science and Technology, 85(5), 1987, pp. 1340 - 1345 
163. 1. H. Werner and H. H. GuttIer, "Barrier Inhomogeneities at Schottky Contacts", 
Journal of Applied Physics, 69(3), 1991, pp. 1522 - 1533 
164. M. O. Aboelfotoh, "Temperature Dependence of the Schottky-Barrier Height of 
Tungsten on n-Type and p-T ype Silicon", Solid State Electronics, 34(1), 1991, pp. 51 -
55 
165. F. H. Mullins and A. Brunnschweiller, 'The Effects of Sputtering Damage on the 
Characteristics of Molybdenum-Silicon Schottky Barrier Diodes", Solid State 
Electronics, 19, 1976, pp. 47 - 50. 
166. D. V. Morgan, Y. H. Aliyu, A. Salehi and R. W. Bunce, "Sputter-Induced Damage in 
ITO/n-GaAs Schottky Barrier Diodes", Proceedings ofWOCSDICE, 1994 
167. D. A. Vandenbroucke, R. L. Meirhaeghe, W. H. Laflere and F. Cardon, "Sputter 
Induced Damage in AVn-GaAs and AUp-GaAs Schottky Barriers", Semiconductor 
Science and Technology, 2, 1987, pp. 293 - 298 
168. W. 1. Devlin, C. E. C. Wood, R. Stall and L. F. Eastman, "A Molybdenium Source, 
Gate and Drain Metalization System for GaAs MESFET Layers Grown by Molecular 
Beam Epitaxy", Solid State ElectroniCS, 23, 1980, pp. 823 - 829 
169. A. A. Lakhani, "The Role of Compound Formation and Heteroepitaxy in Indium Based 
Ohmic Contacts to GaAs", Journal of Applied Ph.VS1CS, 56(6), 1984, pp. 1888 - 1891 
264 
References 
170. J. M. Shannon, "Reducing the Effective Height of a Schottky Barrier Using Low-
energy Ion Implantation", Applied Physics Letters, 24, 1974, pp. 369 - 371 
171. J. K. Luo and H. Thomas, "Transport Properties of lndiwn Tin Oxide/p-InP 
Structures", Applied Physics Letters, 62(7), 1993, pp. 705 - 707 
172. J. D. Wiley and G. L. Miller, "Series Resistance Effects in Semiconductor CV 
Profiling", iEEE Transactions on Electron Devices, ED-22 (5), 1975, pp. 265 - 272 
173. K. Steiner, "Capacitance-Voltage Measurements on Schottky Diodes with Poor Ohmic 
Contacts", iEEE Transactions on instrumentation and Measurement, 42 (1), 1993, pp. 
39 - 43 
174. V. Venkatesan, K. Das, J. A. von Windheim and M. W. Geis, "Effect of Back Contact 
lmpedence on Frequency Dependence of Capacitance-Voltage Measurements on 
MetallDiamond Diodes", Applied Physics Letters, 63 (8), 1993, pp. 1065 - 1067 
175. S. W. Pang, G. A. Lincoln, R. W. McClelland, P. D. De Graff, M. W. Geis and W. J. 
Piacentini, "Effects of Dry Etching on GaAs", Journal of Vacuum Science and 
Technology, Bl, 1983, pp. 1334 - 1337 
176. S. C. Wu, D. M. Scott, Wei-Xi Chen, S. S. Lau, "The Effects of Ion Beam Etching on 
Si, Ge, GaAs and InP Schottky Barrier Diodes", Journal of Electrochemical SOCiety, 
132, 1985, pp. 918 - 922 
177. A. A. Rezazadeh, Ph.D. Thesis, University of Sussex, 1982 
178. Y. H. Aliyu, D. V. Morgan and R. W. Bunce, "Thennal Stability of Indium-Tin-
Oxide/n-GaAs Schottky Diodes", Electronics Letters, 28(2), 1992, pp. 142 - 143 
179. N. Balasubramanian and A. Subrahmanyam, "Schottky Diode Properties and the 
Photovoltaic Behaviour of Indium Tin Oxide (ITO)/n-GaAs Junctions - Effect of 
Arsenic Defficient GaAs Surface", Semiconductor Science and Technology, 5, 1990, 
pp. 870 - 876 
180. H. Kobayashi, T. Ishida, Y. Nakano and H. Tsubomura, "Mechanism of Carrier 
Transport in Highly Efficient Solar Cells Having Indium Tin Oxide/Si Junctions", 
Journal of Applied Physics, 69(3), 1991, pp. 1736 - 1743 
181. V. Korobov, M. Leibovitch and Y. Shapira, "Indium Oxide Schottky Junctions with InP 
and GaAs", Journal of Applied Physics, 74(5), 1993, pp. 3251 - 3255 
182. A. H. Khalid and A. A. Rezazadeh, "Fabrication and Characterisation of Transparent-
Gate Filed Effect Transistors Using Indium Tin Oxide", iEE Proceedings: 
Optoelectronics, 143(1), 1996, pp. 7 - 11 
265 
References 
183. D. J. La~Tence, D. C. Abbas, D. J. Phelps and F. T. J. Smith, "GaAsOJ'04 LED's with 
Efficient Transparent Contacts for Spatially Unifonn Light Emission", IEEE 
Transactions on Electron Devices, ED-30, 1983, pp. 580 - 585 
184. L. W. Tu, E. F. Schubert, H. M. O'Bryan, Y. H. Wang, B. E. Weir, G. J. Zydzik and A. 
Y. Cho, "Transparent Conductive Metal-Oxide Contacts in Vertical-Injection Top-
Emitting Quantum Well Lasers", Applied Physics Letters, 58, 1991, pp. 790 - 792 
185. T. J. Cunningham, L. J. Guido, J. C. Beggy and R. C. Barker, "Annealed Indium Oxide 
Transparent Ohmic Contacts to GaAs", Journal of Applied Physics, 71(2), 1992, pp. 
1070 - 1072 
186. P. A. Barnes, A. Y. Cho, "Non-alloyed ohmic contacts to n-GaAs by Molecular Beam 
Epitaxy", Applied Physics Letters, 33, 1978, pp. 651 - 653 
187. D. E. Kren and A. A. Rezazdeh, "Low Ohmic Contacts to C-Doped p-GaAs with 
AulZnJ Au Structure", Electronics Letters, 28( 13), 1992, pp. 1248 - 1249 
188. R. K. Ball, "Improvements in the Topography of AuGeNi-Based Ohmic contacts to n-
GaAs", Thin Solid Films, 176, 1989, pp. 55 - 68 
189. M. P. Grimshaw, Ph.D. Thesis, Imperial College of Science, Technology and Medicine, 
University of London, 1992 
190. E. Suematsu and H. Ogawa, "Frequency Response of HBT's as Photodetectors", IEEE 
Aficrowave and Guided Wave Letters, 3(7), 1993, pp. 217 - 218 
191. L. Y. Leu, J. T. Gardner and S. R. Forrest, "High Sensitivity InPl1nGaAs Heterojunction 
Photo-transistor", Applied Physics Letters, 57(12), 1990, pp. 1251 - 1253 
192. S. Lee, J. Kau and H. Lin, "Origin of High Offset Voltage in an AIGaAs/GaAs 
Heterojunction Bipolar Transistor", Applied Physics Letters, 45(10), 1984, pp. 1114 -
1116 
193. J. R. Hayes, F. Capasso, R. J. Malik, A. C. Gossard and W. Weigmann, "Optimum 
Emitter Grading for Heterojunction Bipolar Transistors", Applied Physics Letters, 
43( lO), 1983, pp. 949 - 951 
194. J. R. Hayes, A. C. Gossard and W. Weigmann, "CollectorlEmitter Offset Voltage in 
Double Heterojunction Bipolar Transistors", Electronics Letters, 20(19), 1984, pp. 766 
-767 
195. H. Beneking and L. M. Su, "Double Heterojunction NpN GaAIAslGaAs Bipolar 
Transistor", Electronics Letters, 18(1), 1982, pp. 25 - 26 
196. S. Tiwari, S. L. Wright and A. W. Kleinsasser, "Transport and Related Properties of 
(Ga, Al)AslGaAs Double Heterostructure Bipolar Junction Transistors, IEEE 
Transactions on Electron Devices, ED-34(2), 1987, pp. 185 - 197 
266 
References 
197. W. Liu, "Ideality Factor of Extrinsic Base Surface Recombination Current in 
AlGaAs/GaAs Heterojunction Bipolar Transistors", Electronics Lellers, 28(4), 1992, 
pp. 379 - 380 
198. A. Marty, G. Rey and J. P. Bailbe, "Electrical Behay;our of an N-p-n GaAIAslGaAs 
Heterojunction Transistor", Solid Stale Electronics, 22, 1979, pp. 549 - 557 
199. A. A. Rezazadeh, H. Sheng and S. A. Bashar, "Invited Paper: InP-Based HBTs for 
Optical Telecommunications", International Journal of Optoelectronics, 10(6), 1996, 
pp. 489 - 493 
200. J. C. Campbell and K. Ogawa, "Heterojunction Phototransistors for Long Wavelength 
Optical Receivers", Journal of Applied Physics, 53(2), 1982, pp. 1203 - 1208 
201. N. Chand, P. A. Houston and P. N. Robson, "Gain of a Heterojunction Bipolar 
Phototransistor", IEEE Transactionson Electron Devices, E0-32(3), 1985, pp. 622 -
627 
202. J. C. Campbell, A. G. Dentai, C. A. Burrus (Jr) and J. F. Ferguson, "InPlInGaAs 
Heterojunction Phototransistors", IEEE Journal of Quantum Electronics, QE-17(2), 
1981, pp. 264 - 269 
203. S. Svanberg, "Atomic and Molecular Spectroscopy - Basic Aspects and Practical 
Applications, Sprmger Series on Atoms and Plasmas", (Published by: Springer-Verlag, 
Berlin), 2nd Edition, 1992, pp. 128 - 130 
204. S. A. Bashar and A. A. Rezazadeh, "Fabrication and Spectral Response Analysis of 
AIGaAs/GaAs and InP/lnGaAs HPTs with Transparent ITO Emitter Contacts", lEE 
Proceedings - Optoelectronics, 143(1), 1996, pp. 89 - 93 
205 . R. A. Milano, T. H. Windhorn, E. R. Anderson, G. E. Stillman, R. D. Dupius and P. D. 
Dapkus, "Alo.5GaosAs/GaAs Heterojunction Phototransistors Gro'wn by Metalorganic 
Chemical Vapor Deposition", Applied Physics Letters, 34(9), 1979, pp. 562 - 564 
206. M. Tobe, Y. Amemiya, S. Sakai and M. Umeno, "High Sensitivity InGaAsPlInP 
Phototransistors", Applied Physics Lellers, 37(1), 1980, pp. 73 - 75 
207. P. D. Wright, R. J. Nelson and T. Cella, "High Gain InGaAsPlInP Heterojunction 
Phototransistors", Applied Physics Letters, 37(2), 1980, pp. 192 - 194 
208. J. P. Vi1cot, V. Magnin, J. van de Casteel, 1. Harari, 1. P Gouy, B. Bellini and D. 
Decoster, "Edge-Coupled InGaAslInP Phototransistors for Microwave Radio Fibre 
Links", Proceedings of IEEE International Workshop on High Performance Electron 
Devices for Microwave and Optoelectronic Applications - EDMO, London, UK, 24th -
25th November, 1997, pp. 163 - 168 
267 
References 
209. K. Kato, S. Hata, K. Kawano and A. Kozen, "Design of Ultrawide-Band, High 
Sensitivity p-i-n Photodetectors", IEEE Transactiom on Electronics, E-76-C(2), 1993, 
pp. 214 - 221 
210. H. Burkhard, H. W. Dinges and E Kuphal, "Optical Properties of Inl_xGaxPI_yA~. , InP, 
GaAs and GaP Detennined by Ellipsiometry", Journal of Applied Physics, 53(1), 1982, 
pp. 655 - 662 
21 I. P. Chandra, L. A. Coldren, K. E. Strege, "Refractive Index Data from Gax1nl_xASyPI_y 
Films", Electronics Letters, 17(1), 1981, pp. 6-7 
212. "Properties of GaAs", INSPEC Publication, EMlS Data Review Series No.2, 2nd 
Edition., 1990, pp. 513 - 528 
213. A. R. Forouhi and 1. Bloomer, "Optical Functions ofIntrinsic InP : General Remarks" 
in Properties of Indium Phosphide, INSPEC, EMIS Data Review Series No.6, 1991, 
pp. 105 - 137 
214. S. Adachi, "Optical Functions of InGaAsP : Tables", in Properties of Indium 
Phosphide, INSPEC, EMIS Data Review Series No.6, 1991, pp. 416 - 428 
215 . D. Jenkins and A. 1. Moseley, "Measurement of Absorption Co-efficients of 
Gao47In053As Over the Wavelength Range 1.0 - 1.7J.1m", Electronics Letters, 
21(25/26), 1985, pp. 1187 - 1189 
216. D. E. Aspnes, S. M. Kelso, R. A. Logan and R. Bhat, "Optical Properties of 
AlxGal_xAs", Journal of Applied Physics, 60(2), 1986, pp. 754-767 
217. D. R. Wight, "Hole Diffusion Length and Coefficient in n-Type GaAs", in Properties of 
Gallium Arsenide (2nd Edition), INSPEC, EMIS Data Review Series No.2, 1990, pp. 
105 - 106 
218. D. R. Wight and K. Duncan, "Electron Diffusion Length and Coefficient in p-Type 
GaAs", in Properties of Gallium Arsenide (2nd Edition), INSPEC, EMIS Data Review 
Series No.2, 1990, pp. 93 - 94 
219. R. K. Ahrenkiel, "Minority Carrier Lifetime and Diffusion Length in AIGaAs", in 
Properties of Aluminium Gallium Arsenide, INSPEC, EMIS Data Review Series No.7, 
1993, pp. 221-224 
220. R. K. Ahrenkiel, "Measurement of Minority-Carrier Lifetime by Time-Resolved 
Photoluminescence", Solid State Electronics, 35, 1992, pp. 239 - 250 
221. R. K. Ahrenkiel, "Hole Diffusion Length in n-InP", in Properties of Indium Phosphide, 
INSPEC, EMIS Data Review Series No.6, 1991, pp. 89 - 90 
222. A. Etchebery, M. Etman, B. Fotouhi, 1. Gautron, 1. L. Sculfort, P. Lemasson, "Diffusion 
Length of Minority-Carrier in Nonnal-Type Semiconductors - A Photo-Electrochemical 
Determination in Aqueous Solvents", Journal of Applied PhYSiCS, 53(12), 1982, pp. 
8867 - 8873 
268 
References 
223 . N. Chand, "Carrier Diffusion Lengths and Lifetimes in InGaAs", in Properties of 
Indium Gallium Arsenide, INSPEC, EMIS Data Review Series No. 8, 1993, pp. 127-
129 
224. Y. Takeda, M. Kuzuhara, A. Sasaki, "Properties of Zn-Doped P-Type InO.53G(\{).47As on 
InP Substrate", Japanese Journal of Applied Physics, 19, 1980, pp. 899 - 903 
225. P. Ambree, B. Gruska, K. Wandel, "Dependence of the Electron Diffusion Length in p-
InGaAs Layers on the Acceptor Diffusion Process", Semiconductor Science and 
Technology, 7, 1992, pp. 858 - 860 
226. T. Ota, K. Oe, M. Yamaguchi, "Detemlination of Electron Diffusion Length from 
Photoluminescence Measurements in InxGal_xAs Junctions", Journal of Applied 
Physics, 46, 1975, pp. 3674 - 3675 
227. R. K. Ahrenkiel, "Electron Diffusion Length and Diffusion Coefficient in p-InP", in 
Properties ofIndium Phosphide, INSPEC, EMIS Data Review Series No.6, 1991, pp. 
75 -76 
228. S. A. Bashar and A. A. Rezazadeh, "Realisation of Fast Photo receivers Based on 
ITO/n-GaAs Schottky Diodes", Proceedings of lEE ColloqUium on Optical Detectors 
and Receivers, London, UK, October, 1993 
229. A. H. Khalid, Ph.D. Thesis, King's College, University of London, (Expected date of 
submission) 1999. 
230. S. A. Bashar and A. A. Rezazadeh, "Transparent Emitter Contacts to InPlInGaAs HPTs 
for Long Haul Optical Telecommunications Applications", Proceedings of IEEE 
International Conference on Telecommunications, Bali, Indonesia, April, 1995, pp. 320 
- 323 
231 . S. A. Bashar, H. Sheng and A. A. Rezazadeh, "Prospects of InP Based HBTs for 
Optical Telecommunications", Proceedings of IEEE International Workshop on High 
Performance Electron Devices for Microwave and Optoelectronic Applications -
EDMO, London, UK, November, 1994, pp. 1 - 6 
232. S. A. Bashar and A. A. Rezazadeh, "Characterisation of Transparent ITO Emitter 
Contact InPlInGaAs Heterojunction Bipolar Transistors", Proceedings of IEEE 
International Workshop on High Performance Electron Devices for Microwave and 
Optoelectronic Applications - EDMO, London, UK, November, 1995, pp. 76 - 81 
233. S. A. Bashar and A. A. Rezazadeh, "Analysis and Modeling of Spectral Response for 
GaAs Schottky Diodes and InPlInGaAs HPTs Fabricated Using Indium Tin Oxide", 
Proceedings of The 5th European Helerostructure Workshop, Cardiff, UK, September, 
1995 
269 
Appendix A: List of Publications 
Appendix A: List of Publications 
A. 1 J oumal / Letter Publications 
1. "Optically Transparent Indium Tin Oxide (ITO) Ohmic Contacts in the Fabrication of 
Vertical Cavity Surface-Emitting Lasers", M. A. Matin, A. F. Jezierski, S. A. Bashar, 
D. E. Lacklison, T. M. Benson, T. S. Cheng, 1. S. Roberts, T. E. Sale,1. W. Orton, C. 
T. Foxon and A. A. Rezazadeh, Electronics Letters, Vol. 30(4), 1994, pp. 318-320 
2. "Optically Transparent ITO Emitter Contacts in the Fabrication of InPlInGaAs 
HPTs", S. A. Bashar and A. A. Rezazadeh, IEEE Transactions on Microwave Theory 
and Techniques, Vol. 43, No.9, 1995, pp. 2299-2303 
3. "Fabrication and Spectral Response Analysis of AIGaAs/GaAs and InP/lnGaAs HPTs 
with Transparent ITO Emitter Contacts", S. A. Bashar and A. A. Rezazadeh, lEE 
Proceedings on Opto-electronics, Vol. 143, Issue 1, (February) 1996, pp. 89-93 
4. "InP Based RBTs for Optical Telecommunications - Invited Paper", A. A. Rezazadeh, 
H. Sheng and S. A. Bashar, International Journal of Optoelectronics, Vol. 10, no. 6, 
1996, pp. 489-493 
A.2 Publications in Conference, Colloquium and Workshop Proceedings 
1. "Realisation of Fast Photoreceivers Based on ITO/n-GaAs Schottky Diodes", S. A. 
Bashar and A. A. Rezazadeh, Proceedings of lEE Colloquium on Optical Detectors 
and Receivers, London, UK, October, 1993 
2. "Transparent Indium Tin Oxide (ITO) Ohmic Contacts to both p and n GaAs for 
Surface-emitting Lasers", A. F. Jezierski, M. A. Matin, S. A. Bashar, T. S. Cheng, D. 
Lacklison, T. F oxon, T. M. Benson, M. Heath, 1. Orton and A. A. Rezazadeh, 
IEEEILEOS Annual Meeting Proceedings, San Jose, USA, 15th_18th November, 1993 
3. "Transparent Contacts to Opto-Electronic Devices Using Indium Tin Oxide (ITO)", 
S. A. Bashar and A. A. Rezazadeh, Proceedings of IEEE International Conference on 
Telecommunications, Dubai, UAE, 10th_12th January, 1994, pp. 259-261 
4. "Prospects of InP Based RBTs for Optical Telecommunications", S. A. Bashar, H. 
Sheng and A. A. Rezazadeh, Proceedings of IEEE International Workshop on High 
Performance Electron Devices for Microwave and Optoelectronic Applications -
EDMO, London, UK, 14th November, 1994, pp. 1-6 
5. "Fabrication and Characterisation of a Transparent Gate HEMT Using Indium Tin 
Oxide", A. H. Khalid, S. A. Bashar and A. A. Rezazadeh, Proceedings of IEEE 
International Workshop on High Performance Electron Devices for Microwave and 
Optoelectronic Applications - EDMO, London, UK, 14th November, 1994, pp. 99-104 
270 
Appendix A: List of Publications 
6. "Transparent Emitter Contacts to InPlInGaAs HPTs for Long Haul Optical 
Telecommunications Applications", S. A. Bashar and A. A. Rezazadeh, Proceedings 
of IEEE International Conference on Telecommunications, Bali, Indonesia, 3rd_5th 
April, 1995, pp. 320-323 
7. "Analysis and Modeling of Spectral Response for GaAs Schottky Diodes and 
InPlInGaAs HPTs Fabricated Using Indium Tin Oxide", S. A. Bashar and A. A. 
Rezazadeh, Proceedings of The 5th European Heterostructure Workshop, Cardiff, 
UK, 1ih_19th September, 1995 
8. "Characterisation of Transparent ITO Emitter Contact InPlInGaAs Heterojunction 
Bipolar Transistors", S. A. Bashar and A. A. Rezazadeh, Proceedings of IEEE 
International Workshop on High Performance Electron Devices for Microwave and 
Optoelectronic Applications - EDMO, London, UK, 27th November, 1995, pp. 76 - 81 
9. "Noise Properties of AIGaAs/GaAs HPTs with Transparent ITO Emitter Contacts", N. 
B. Lukyanchikova, N. P. Garbar, M. V. Petrichuk, A. A. Rezazadeh and S. A. Bashar, 
Proceedings of IEEE International Workshop on High Performance Electron Devices 
for Microwave and Optoelectronic Applications - EDMO, Leeds, UK, 25th - 26th 
November, 1996, pp. 50 - 55 
10. "Noise Characterization of AIGaAs/GaAs HBTs with Different Emitter Contacts", N. 
B. Lukyanchikova, N. P. Garbar, M. V. Petrichuk, A. A. Rezazadeh and S. A. Bashar, 
Proceedings of IEEE International Workshop on High Performance Electron Devices 
jar Microwave and Optoelectronic Applications - EDMO, London, UK, 24th - 25th 
November, 1997, pp. 157 - 162 
271 
Appendix B: Processing Steps for Liftoff and Etch Lithography 
Appendix B: Processing Steps for Liftoff and Etch Lithography 
Ideal sample size for processing: between lcm x lcm and 2.5cm x 2.5cm. 
B.l Steps for Liftoff lithography 
1 ';~No. N~e ': , ,"kW;', ,~ CO-2ditions/Comme,!lts 'ill , "- ',: .y 
1 De-greasing Clean in TCE, acetone, methanol - at 60°C for 10 mins. in each 
(skip TCE if this is not the first photolithography stage) 
2 Rinse Rinse in running D.L water for 5 minutes 
3 Pre-bake Blow dry sample then bake at 160°C for 30 mins. 
4 Photoresist (P.R.) Apply P.R. (Shipley 1400-27) to entire surface using a clean 
pipette~ spin at 4,500 rpm for 35 secs. to obtain a film thickness 
of app. IJlm. 
5 Soft bake Bake sample at 70°C for 30 minutes, then allow sample to cool 
prior to alignment 
6 Prepare Mask Clean mask in acetone and blow dry carefully in N2, then place 
mask facing down in the aligner 
7 Alignment Carefully remove any P.R. residue from the back of sample using 
acetone prior to placing sample on the aligner tray; insert and 
then raise the tray to bring the sample into "contact"; lower 
slightly to the "separation" position to facilitate alignement; 
once satisfactory alignment to the mask has been achieved, 
carefully raise the tray to the "contact" position once again. 
8 UVExposure Expose using UV light for 15 secs. 
9 Chlorobenzene Soak in chlorobenzene (inside the fume cupboard) for 4 mins. 
then carefully blow dry using N2 
10 Post bake Bake sample at 70°C for a further 15 mins. 
11 Develop Soak in a 1 Microposit developer : 1 H2O solution for roughly 1 
min; check under microscope to ensure "windows" have opened 
adequately; do a final soak in a fresh developer solution for a 
further 15 secs to remove trace P.R. 
12 De-oxidise Finally, etch III 10% HCI solution for 15 secs. prior to 
metalisation. 
Table B 1: Processing steps for lift-off lithography 
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B.2 Steps for Etch lithography 
No. Name ,"'<!' & ~,' , Coqditions/Gomtpe!lts ' ~' 
. 
" 
1 - 4 Same as lift-off lithography, see Table B 1 
5 Soft Bake Bake sample at 95°C for 30 minutes, then allow sample to cool 
prior to alignment 
6-8 Same as lift-off lithography, see Table B 1 
9 Develop Soak in a 1 Microposit developer : 3 H20 solution for roughly 90 
secs.; check under microscope to ensure "windows" have opened 
adequately; do a final soak in a fresh developer solution for a 
further 15 secs to remove trace P.R. 
10 HardBake Bake sample at 115°C for 30 minutes, then allow sample to cool 
prior to etching in required solution 
Table B2: Processing steps for etch lithography 
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C.l Settings for Schottky diode parameter extractions 
Device configuration: positive terminal to SMU1 ; negative terminal to SMU3 . 
.. Channel Definition , < Source Set-up 
Name Source Var1 Var2 
Channel V I Mode Function Name VF -
SMU1 VF IF V VAR1 Sweep Mode linear -
SMU2 - - - - Start -2.0V -
SMU3 V I COM CaNST Stop 1.0V -
SMU4 - - - - Step O.OlV -
No. of steps 301 -
Compliance 100mA -
Constant Source Compliance 
V COM O.OV lO5.0mA 
Table C 1.1: Typical SPA settings for measuring the output characteristics of a Schottky diode 
C.2 Settings for HBT parameter extractions 
Device configuration: emitter to SMU1; base to SMU2; collector to SMU3. 
Output characteristics 
Channel Defmition Source Set-up 
Name Source Varl Var2 
Channel V I Mode Function Name VCE IB 
SMU1 VE IE COM CaNST Sweep Mode linear linear 
SMU2 VB IB I VAR2 Start O.OV O.OJ,tA 
SMU3 VCE IC V VAR1 Stop 3.0V 
-
SMU4 
- - - - Step 0.03V lO.OJ,tA 
No. of steps 101 6 
Compliance 100mA 4.5V 
Constant Source Compliance 
VB COM O.OV lO5.0mA 
Table C2.1: Typical SPA settings for measuring the output characteristics of a HBT 
Gummel plot 
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I :j'llt~ '~",~ urce 'Setfup ,,; :fI,' ,f( 
Name Source Varl Var2 
Channel V I Mode Function Name VB -
SMUI VB IE COM CONST Sweep Mode linear -
SMU2 VB ill V VARI Start O.OV -
SMU3 VCE IC V VARI' Stop I .6V -
SMU4 Step O.OIV -
No. of steps 160 -
Compliance IOOmA -
VARI' ratio = 1, VARl' offset = O.OV 
Constant Source Compliance 
VB COM O.OV 105.0mA 
Table C2.2: Typical SPA settings for measuring the Gummel plot of a HBT 
DC Gain, B 
'c ~{~""ij,i~:~¢\;\)"1';\4i,i; SOuTce,~et-im#H' ,::' .. "',,; 
Name Source Varl Var2 
Channel V I Mode Function Name VB -
SMUI VB IE COM CONST Sweep Mode linear -
SMU2 VB ill V VARI Start O.IV -
SMU3 VCE IC V CONST Stop 3.9V -
SMU4 Step 0.05V -
No. of steps 77 -
USER FUNCTION: Compliance 100mA -
1. HFE = ICIIB 
2. AC = ~IC/ ~ill Constant Source Compliance 
VB COM O.OV 105.0mA 
VCE V 3.0V 100.OmA 
Table C2.3: Typical SPA settings for measuring the DC gain of a HBT 
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Emitter contact resistance, &e' 
" 
' 11,'~1fi:~,= ChannelDefmition~'i;;~',J 'I, f~ , :tt'([!. ~t' . ' .,; ii' "'~" ' ,source Set-\:lp 
'" 
~, 
Name Source Varl Var2 
Channel V I Mode Function Name IB -
SMUI VE IE COM CaNST Sweep Mode linear -
SMU2 VB IB I VARI Start O,OA -
SMU3 VCE IC I CaNST Stop 5,OmA -
SMU4 - - - - Step lOJ.lA -
No, of steps 501 -
Compliance 2,OV -
Constant Source Compliance 
VE COM O,OV 105,OmA 
IC I O,OA 2,OV 
Table C2A: Typical SPA settings for measuring the emitter contact resistance, Ree', a HBT 
Collector contact resistance, &C' 
Channel Definition ,~, Source Set-up 
Name Source Varl Var2 
Channel V I Mode Function Name IB -
SMUI VE IE I CaNST Sweep Mode linear 
-
SMU2 VB IB I VARI Start O,OA 
-
SMU3 VCE IC COM CaNST Stop 5,OmA -
SMU4 - - - - Step lO!lA -
No, of steps 501 -
Compliance 2,OV -
Constant Source Compliance 
IEI O,OA 2,OV 
VCE COM O,OV 105,OmA 
Table C2,S: Typical SPA settings for measuring the collector contact resistance, Rcc', of a 
HBT 
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D.l Two derivations for the doping concentration, ND. 
The capacitance, C, of Schottky diode as a function of the applied bias,Vapp, (see section 4.3) 





D 1.1 The first derivation 
Differentiating (eqn. Dl.2) w.r.t. Vapp yields: 
d(I/ C2 ) = -2 
dVapp qN oE oErA2 
(eqn. D1.3) 
Rearranging in terms ofND: 
(eqn. D1.4) 
D1.2 The second derivation 
Simplifying (eqn. D 1.1) gives: 
1 
C= (eqn. D1.5) 
Differentiating (eqn. D1.5) w.r.t. Vapp yields: 
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de (eqn. D1.6) 
But from (eqn. D1.5), 
(eqn. D1.7) 
Hence, subsituting (eqn. D1.7) in (eqn. D1.6), we obtain: 
(eqn. D1.8) 
Rearranging in terms ofND: 
(eqn. D1.4) 
D.2 Derivation of built-in potential at the base-emitter heterojunction, Vbi(B-E), 
ofaHBT 
The analytical expression for Vbi(B-E) is given by: 
kT (N N ) Vbi(B-E) = EgB + ~Ec + - in DE AB 
q NcENvB (eqn. D2.1) 
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which can be re-written as: 
(eqn. D2.2) 




Thus, the final term in (eqn. D2.2) can be expressed as: 
(eqn. D2.5) 
And therefore, (eqn. D2.2) can now be written as: 
Vbi(B-E)=EgB+Lllic+ kT In(NcBNvE) + kT In(NDENAB) _ -21(EgB+EgE) 
2q NcENvB q niBn iE 
(eqn. D2.6) 
But since, EgE > EgB, and 
Lllig = EgE - EgB 
(eqn. D2.7) 
Hence we obtain the desired expression for the Vbi of a heterojunction: 
Llli kT (N N.) kT (N N ) Vbi(B-E) = ~Ec - --g + - In cB ,E + _ In DE AB 
2 2q NcENvB q niBniE 
(eqn. D2.8) 
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